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ABSTRACT 

T h e  history of our knowledge of the X chromosome of man is reviewed with approprt- 
ate reference to the contributions made through study of other forms. I t  is noteworthy 
that sex-linkage was first observed in  man. 

X-linkage has been established for about 60 traits in man. Unlike a majority of auto- 
somal traits in  man, most of the observed X-linked traits are recessives (or incomplete 
recessives). 

T h e  genetic map of the X chromosome is known only in the most sketchy manner but 
is likely to be filled in  rapidly in  the next few years through the use of newly discovered 
markers, such as the Xg" blood group, and cytogenetic investigations of cases of X chro- 
mosome anomalies. I t  appears that the color-vision locus (or loci) is on the short arm and 
may be rather far from the kinetochore. Based on chiasma counts of autosomes, estimates 
of the genetic length of the X chromosomes are of the order of 100 map units ( I  morgan). 
Independent segregation of color blindness and night blindness, of color blindness and 
hemophilia B, and of Xg" and hemophilia A and B is consistent with this estimate. 

Cytologic observations of the male meiotic chromosomes make it unlikely lhat any 
significant portions of the X and Y chromosomes are homologous. Furthermore, the 
pedigree data on all traits for which partial X linkage has been suggested are at the best 
inconclusive. 

T h e  Barr body is formed from one X chromosome (or part thereon which retains 
heterochromatic properties during interphase. 

The  Lyon hypothesis suggests that on a random basis one X chromosome in  each cell 
of the female becomes the Barr body and genetically is relatively inactive; that the de- 
cision as to which X chromosome will behave in this manner is made early in  develop- 
ment and once made is fixed in all descendants of a given cell. T h e  cytologic basis of the 
hypothesis is presented. T h e  genetic consequences which the hypothesis would predict 
have been outlined and the evidence available to date reviewed. 

Mutation, the sex ratio, selection, consanguinity, evolution, and genetic counselling 
are discussed as they bear on the X chromosome and vice versa. 

The  limited information about the Y chromosome is reviewed briefly. 
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INTRODUCTION 

YTOLOGIC advances have undoubt- 
edly been a leading factor in the 
recently renewed interest in the X 
chromosome of man. Meaningful C questions to which answers can be 

sought include the following: How much and 
what genetic information is carried by the X 
chromosome? What is the genetic topography 
of the X chromosome: that is, what is the rela- 
tive linear position of X-borne loci, and what 

specific parts, e.g., the short-arm or the long-arm, 
carry particular loci? Is there any effect of the 
double dose of X-borne genetic information in 
the normal female as compared with the normal 
male? If not, what is the mechanism for the 
“dosage compensation”? What is the role of 
the X chromosomes in sex determination? 
What is the relationship between the Barr 
body (“sex chromatin”) and the X chro- 
mosome? What is the functional significance 
of the Barr body? What is the rate of mutation 
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at X-borne loci? What are the disturbances of 
X chromosome behavior in  meiosis and mitosis 
which lead to the aneuploid states involving this 
chromosome? 

At least three methods for getting informa- 
tion on some of these matters exist: 

1) Pedigree analysis with demonstration of 
typical patterns of inheritance often can es- 
tablish that specific traits are determined by 
X-borne genes. 

2) Linkage studies sometimes can confirm 
X-linkage when pedigree studies are incon- 
clusive and, furthermore, can quantitate, a t  
least in a relative manner, the distance sepa- 
rating loci on the X chromosome. 

3) Cytogenetic studies of normal and ab- 
normal morphologic features of the X chromo- 
some in relation to functional, that is, pheno- 
typic, aspects can provide information on what 
part of the X chromosome carries particular 
genetic information. Such studies have, further- 
more, suggested a mechanism for dosage com- 
pensation, and provide other information on 
the normal and abnormal function and behavior 
of the X chromosome. 

T h e  following is a review of information on 
the constitution of the X chromosome of man 
provided by these and other approaches. In- 
formation from study of other species will be 
cited only when particularly relevant to man. 
First, the history of our knowledge of the X 
chromosome will be briefly surveyed. 

HISTORICAL NOTE 

Pre-mendelian observations (Zirkle, 1946). 
T h e  occurrence of hemophilia in brothers and 
in male cousins, the offspring of sisters, was 
recognized by the writers of the Talmud (Nee1 
and Schull, 1954; Webb and Dixon, 1960). An 
American newspaper account of 1791 described 
the family of a man named Zoll who had six 
hemophilic sons among the children by one 
wife and all normal sons by a second wife (Mc- 
Kusick, 1962a). Two hemophilic families were 
described in Germany later in the 1790’s (Bul- 
lock and Fildes, 1912). Otto (1803) described the 
transmission of hemophilia in the following 
terms: “ . . .males  only are subject to this 
strange affection,. . . all of them are not liable 
to it.. . . Although the females are exempt, they 
are still capable of transmitting it to their male 

children.” I n  1813 Hay (McKusick and Kapa- 
port, 1962) and in 1817 the Buels described 
other American families with hemophilia af- 
fecting only males and transmitted only by fe- 
males (McKusick, 1962b). Nasse (1820), a medi- 
cal professor at  Bonn, reiterated the mode of 
transmission which with the frequent injustice 
and illogic of eponymization became known as 
Nasse’s law. 

Color blindness was a matter of interest to 
three British physical scientists: Joseph Priestley 
(1777), John Dalton (1798), and Lord Rayleigh 
(1881). At least Dalton was himself color-blind, 
probably a protanope, (Brockbank, 1944; Sloan, 
196 1, personal communications, Baltimore) and 
had a color-blind brother. T h e  characteristic 
pattern of inheritance was established by the 
Swiss ophthalmologist Horner (1876). 

Before its chromosomal mechanism was un- 
derstood (191 I), sex-linked inheritance (then 
called sex-limited inheritance) was also recog- 
nized for ichthyosis vulgaris (Sedgwick, 1861), 
night blindness (Pagenstecher, 1878), peroneal 
muscular atrophy (Herringham, 1889), pseudo- 
hypertrophic muscular dystrophy (Gowers, 1879, 
and others), nystagmus (Owen, 1882), and an- 
hidrotic ectodermal dysplasia (Darwin, 1875, 
see No. A25 of catalog). Gee (1877) and Mc- 
Ilraith (1892) described families with diabetes 
insipidus in a pattern consistent with X-linked 
inheritance with occasional expression in het- 
erozygous females. 

T h e  two types of pedigree patterns which we 
would now distinguish by the designations sex- 
limitation and sex-linkage were recognized by 
Darwin (cited by Harris, 1948). In  1906, in his 
address on Mendelian heredity in man before 
the Neurological Society, Bateson referred to 
the pattern of inheritance of X-linked recessive 
traits as “knight’s move” descent. However, 
he misinterpreted the mechanism of inher- 
itance, drawing an analogy to horned-hornless 
sheep, a sex-influenced autosomal trait. Also, in 
the draft of his 1909 monograph, which was 
sent to press, Bateson was confused about what 
he called “sex limited’ inheritance: he defined 
it as dominance in the male and recessiveness 
in the female and considered that male-to-male 
transmission was possible. Nettleship, the 
ophthalmologist, called the error to his attention 
so that the following erratum was ppblished as 
an inset (p. 231): 
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Mr. Nettleship has called my attention to 
a fact which must greatly modify the sug- 
gestions here given. The statement made (p. 
172) that colour-blind men frequently have 
colour-blind sons is not true. On my scheme, 
half the sons of a colour-blind man should be 
colour-blind.. . . in the fact that the sons of 
colour-blind men are normal we perhaps see 
the complement of the peculiarity already as- 
certained in other sex-limited conditions, 
that the number of daughters transmitting 
is greater than the scheme contemplates. It 
will be evident that the question of a sexual 
dimorphism among the spermatozoa is thus 
prominently raised. 

Early cytologic observations. T h e  chromo- 
somes of man were first described in tumor cells 
by Arnold in 1879. I n  1891 Henking (Wilson, 
1925) found in an insect a “peculiar chromatin- 
element” which in the second spermatocyte divi- 
sion lags behind the separating anaphase chro- 
mosomes and then passes undivided to one pole. 
Because of his uncertainty about its nature he 
labelled it “X’. Thus, the X chromosome, like 
Q fever (Derrick, 1953), owes its name to the 
obscurity of its nature at first discovery. T h e  X 
chromosome was studied by others in insects 
and other animals and its nature as a chromo- 
some was established. McClung (1902) first sug- 
gested its role in sex determination. T h e  X 
chromosome was referred to by several terms, of 
which one widely used was McClung’s accessory 
chromosome. T h e  term derived from McClung’s 
misconception that the male had an extra chro- 
mosome which was missing in the female; 
actually the XX female in the grasshopper he 
studied has one more chromosome than the XO 
male. T h e  designation X chromosome became 
firmly fixed in the literature mainly through its 
use by Wilson (1911, 1925). 

Winiwarter (1912) counted 47 elements in the 
human testis and 48 in the ovary, concluding 
that man has an XX-XO sex chromosome con- 
stitution. Painter (1924) concluded that the 
chromosome number of man is 48 in both sexes 
and that the sex chromosome constitution is of 
the XX-XY type. Winiwarter and his pupils 
continued to insist on the absence of a Y chro- 
mosome in man so that some European writers 
have until quite recently (Rostand, 1961) viewed 
the matter as unsettled. T h e  application of im- 
proved technique of studying human chromo- 
somes in 1956 not only established the correct 

diploid number of man as 46 but confirmed 
Painter’s observation that the human sex 
chromosome constitution is XX-XY. 

T h e  cytologic explanation of X-linkage. Sex- 
linkage was discovered in  poultry before the re- 
discovery of Mendelism (Cushman, 1893; cited 
by Zirkle, 1946), and later in moths by Don- 
caster and Raynor (1906) and in birds by Dur- 
ham and Marryatt (1909; cited by Zirkle, 1946). 
I n  the same period both Charles B. Davenport 
(1906) and Raymond Pearl (1910) studied 
barred, a sex-linked color trait in the domestic 
fowl. However, in all these species the female is 
the heterogametic sex so that sex-linked traits 
affect mainly females but are transmitted 
through males. I n  1905 Stevens and Wilson 
(1905) showed that in certain insects the X 
chromosome passes into all eggs and into fe- 
male-producing sperms and that it is absent 
or replaced by a small homolog in male-pro- 
ducing sperms. In  1908 Stevens demonstrated 
the XX-XY sex chromosome constitution of 
Drosophila. 

T. H. Morgan’s discovery in 1910 of a sex- 
linked trait, white eye, in Drosophila melano- 
gaster (1910a, b) clarified the mechanism of the 
inheritance of conditions such as hemophilia 
and color blindness. In  1911 E. B. Wilson, like 
Morgan, a professor a t  Columbia University, 
pointed out simultaneously with Morgan (191 la, 
b) that X-linkage accounts for this pattern of 
inheritance in man. T h e  term sex-linked was in- 
troduced about that time. T h e  term generally 
used hitherto (e.g., by Sedgwick (1861 and 1863), 
Bateson (1909), Davenport (1909, 1911), and 
Morgan (191 la) himself) had been sex-limited. 
As now used, sex l imitation is the extreme case 
of sex influence on an autosomally determined 
genetic trait. I n  1913 Morgan (p. 83) wrote as 
follows: “These cases, as already stated, were 
formerly included under the term sex-limited 
inheritance, that implies that a character is 
limited to one sex, but we now know that char- 
acters such as these may be transferred to the 
females, hence the term is misleading. Their 
chief peculiarity is that in transmission they ap- 
pear as though linked to the factor for sex con- 
tained in the sex chromosome, hence I prefer to 
speak of them as sex-linked characters.” 

At about the same time that X-linked traits 
were being discovered and explained in Droso- 
phila and other organisms, Doncaster (1911; 
1912; Doncaster and Raynor, 1906), at  Cam- 
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bridge University, and Little (1912), in this 
country, pointed out that orange, a coat color 
trait in the cat which in the heterozygote ex- 
presses itself as “tortoise-shell,” is X-linked. T h e  
“tortoise-shell” cat has attracted renewed in- 
terest recently (p. 121). 

Mapping  the X chromosome.  I n  1909 Janssens 
studied chromosomal chiasmata and suggested 
that exchange of material between chromo- 
somes occurs in the process of chiasma forma- 
tion. Morgan (1913), and his student Sturtevant 
(1913), discovered genetic crossing over (recom- 
bination) in X-linked traits of Drosophila,  dem- 
onstrated the usefulness of data on crossing 
over in mapping the X chromosome, and sug- 
gested that there is a cause-and-effect relation- 
ship between chiasma formation observed cy- 
tologically and recombination observed ge- 
netically. In 1911 Morgan (1911b) wrote: 
“. . . the proportions that result [through re- 
combination] are not so much an expression of 
a numerical system as of the relative location of 
the factors in the chromosomes.” Thus, X-linked 
traits figured prominently in another of the 
major advances in genetics after the rediscovery 
of Mendelism, the discovery of linkage. 

Demonstration of linkage, crossing over, and 
chiasma formation was important to acceptance 
of the chromosomal basis of heredity. Consid- 
ering independent assortment to be a general 
law, recognizing that organisms must have more 
genes than chromosomes, and not knowing of 
the exchange of material between chromosomes, 
early geneticists like Bateson (1906, 1909) and 
Punnett (1950) were for some years unwilling to 
accept the Sutton-Boveri hypothesis (McKusick, 
1960b), that the chromosomes carry the Men- 
delian factors. 

Sex determinat ion.  In  1905 Stevens demon- 
strated the XX-XO mechanism of sex deter- 
mination in several insects, thereby correcting 
McClung’s (1902) misinterpretation of the “ac- 
cessory chromosome.” Elaboration of the mecha- 
nism of sex determination and the role of the 
X chromosome therein was provided by Gold- 
Schmidt (see review, 1955) and later by Bridges 
(1916), who from the study of various non-dis- 
junctional states affecting the sex chromosomes 
of Drosophila concluded that the Y chromosome 
is largely a “dummy” as far as determination of 
sex phenotype is concerned (although it is es- 
sential to fertility of the male) and that the 
sex phenotype is a function of the balance be- 

tween male determiners on autosomes and fe- 
male determiners on the X chromosome. T h e  
exceptional patterns of inheritance of X-borne 
genes, when correlated with the cytologic find- 
ings in aneuploid states involving the X chro- 
mosome, provided final conclusive evidence for 
the chromosomal basis of Mendelism. 

Since the sex chromosome constitution is the 
same, and since such a close parallelism in the 
transmission of X-linked traits had been ob- 
served, the same mechanism of sex determina- 
tion was presumed to obtain in man. Not until 
1959 did the study of aneuploid states of the sex 
chromosomes in mice (Welshons and Russell, 
1959) and men (Ford, et al., 1959; Jacobs and 
Strong, 1959) show that the mechanism of sex 
determination in these mammals is differeni 
from that in Drosophila melanogaster. With re. 
ports beginning in that year, newer methods for 
study of the human chromosomes were applied 
to the investigation of the Turner syndrome, 
Klinefelter syndrome, and other sex anomalies 
which were found to have their basis in a 
quantitative abnormality of the sex chromo- 
somes. (Independently and about simultane- 
ously an  extra autosome was discovered in 
Mongolism by Lejeune and his colleagues and 
an extra sex chromosome in the Klinefelter syn- 
drome by Jacobs and Strong (1959). T h e  report 
on Mongolism was read at  the “se‘ance d u  26 
Janvier 1959” of the Acade‘mie des sciences in 
Paris (Lejeune, Gautier, and Turpin,  1959); 
the report on the Klinefelter syndrome appeared 
in the issue of Nature  dated January 51, 1959.) 

In  1937 Geitler and Smith (1945) found that 
in insects (the waterskater and the spruce bud- 
worm) interphase nuclei show differences ac- 
cording to whether one or two X chromosomes 
are present. In  1949 Barr and Bertram discov- 
ered a similar sex dimorphism of the cell nuclei 
of mammals (the “sex chromatin,” or Barr 
body), and in 1954 Davidson and Robertson 
Smith found a ‘sex dimorphism in the nuclei 
of leucocytes, “drumsticks” in the female. Ap- 
plication of the Barr and Davidson techniques 
for determining “nuclear sex” uncovered 
thought-provoking inconsistencies with sex 
phenotype in three conditions: 1) some cases of 
the Klinefelter syndrome, 2) some cases of the 
Turner  syndrome, and 5 )  cases of testicular 
feminization. Until chromosome analysis was 
applied in 1959 (Ford, et al., 1959; Jacobs, et al., 
1959a; Jacobs and Strong, 1959) all three were 
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believed to be examples of sex reversal. Only 
in  the third condition did such prove to be true. 

X chromosome phenomena not  yet  demon- 
strated in man.  T h e  behavior of the X and Y 
chromosomes in spermatogenesis in  man was 
demonstrated in 1932 by Shiwago and Andres, 
who found end-to-end association which would 
not seem to allow crossing over. T h e  cytologic 
evidence was aparently considered inconclusive 
by Haldane (1936, 1941) who, stimulated by 
genetic and cytologic observations in fish (Aida, 
1921) on partial sex linkage (Le., determination 
of traits by genes on a homologous portion of 
the X and Y chromosomes between which cross- 
ing over might occur in meiosis) and by cytologic 
suggestions of homologous segments in the rat 
(Koller and Darlington, 1934), which he assumed 
behaved the same as man (Koller, 1937), sought 
evidence of partial sex linkage in human pedi- 
grees. Studies by Sachs (1954), Ford and Hamer- 
ton (1956), Kodani (1957), Ferguson-Smith 
(1961), Hamerton, et  al., (1961) and others of 
spermatogenesis confirm the findings of Shiwago 
and Andres. (See p. 102.) Furthermore, re-ex- 
amination of the pedigree data by Morton 
(1957), among others, lends no support to the 
partial sex linkage of those traits of man for 
which this mode of inheritance has been sug- 
gested. 

I n  1922 Lilian V. Morgan (Mrs. T. H. Mor- 
gan) described in  Drosophila the phenomenon 
of attached-X chromosomes. I n  some flies two 
X chromosomes become permanently attached. 
Such females ( E Y )  produce two classes of ova, 

and Y. Fertilization of the first by an  X 
sperm results in a triple-X fly which usually 
dies; by a Y sperm, in another E Y  female. T h e  
other two types of zygotes expected are XY 
(normal male) and YY (which turned out to be 
lethal). If the attached X chromosomes are 
homozygous for a recessive allele, then the re- 
sulting trait will be expressed in the fly, who al- 
though S Y  is a fertile female in Drosophila. 
Furthermore, essentially all females in the line 
will show the trait, which will be transmitted 
in  direct descent, so-called hologynic inheritance. 

At the stage when sex determination in man 
was thought to be identical to that in  Drosophila 
it  was presumed that hologynic inheritance due 
to attached-X chromosomes might obtain, and 
two possible examples were discovered in the 
literature (Gowen, 1933; Haldane, 1932; Zirkle, 

1946). I n  1645 Sir Kenelm Digby described a 
condition of double thumbs affecting all the fe- 
males and none of the males through five gen- 
erations. I n  1838 Cunier published an extensive 
pedigree of color blindness transmitted from 
mother to all daughters through many genera- 
tions. It is now known, of course, that the XXY 
human individual is an infertile male with the 
Klinefelter syndrome. T h e  attached X chromo- 
some mechanism cannot, therefore, obtain in 
the pedigrees of Digby and Cunier. Further- 
more, close study of Cunier’s description by 
Stern and Walls (1957) indicated that the 
phenotype was no conventional form of color 
blindness but rather a “lost syndrome” with 
cataract as a feature. 

I n  Drosophila, X chromosomes with part of 
a Y chromosome attached were used by Stern 
(1931) in classic experiments demonstrating that 
genetic crossing-over is accompanied by the 
physical exchange of chromosomal material be- 
tween homologous chromosomes. T h e  same in- 
vestigator (1936), in other classic experiments 
demonstrating somatic crossing over (somatic 
recombination), made use of two X-linked 
traits, singed, a bristle mutant, and yellow, a 
pigmentation mutant. 

V-type (variegated) position effects have been 
observed in  Drosophila, Oenethera, and re- 
cently in mice (Russell, 1961; Russell and Bang- 
ham, 1961). Although the phenomenon was dis- 
covered in the 1920’s (Lewis, 1950), Schultz in 
1936 referred to it as variegation because of the 
mottled or mosaic phenotype. When through 
translocation a wild-type locus, which normally 
lies in euchromatin, is moved into the vicinity 
of heterochromatin its dominance becomes un- 
certain, or modified, so that a recessive allele, 
if present on the homologous chromosome, may 
be expressed. In  mice, autosome/X chromosome 
translocations are the ones productive of V-type 
position effects and they occur only in the fe- 
male or the Klinefelter (XXY) male, presumably 
because only these have a heterochromatic X 
chromosome. (See p. 122.) This phenomenon 
may be found in man in due course. 

PEDIGREE DATA ON THE CONSTITUTION OF THE 

X CHROMOSOME O F  MAN 

T h e  catalog, which is given in Table 1 and 
elaborated in the Appendix, lists those muta- 
tions which have, with varying degrees of con- 
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TABLE 1 
A catalog of X-borne mutations in man 

A .  Conditions for which X-linkage is considetedproued or very likely. 

1. Partial color blindness, deutan series 
* 2. Partial color blindness, protan series 

3. Total color blindness 
4. Glucose-6-phosphate dehydrogenase de- 

5. Xg blood group system 
6. Muscular dystrophy, Duchenne type 
7. Muscular dystrophy, Becker type 
8. Hemophilia A 
9. Hemophilia B 

ficiency 

10. Agammaglobulinemia 
11. Hurler syndrome 
12. Late spondylo-epiphyseal dysplasia 
13. Aldrich syndrome 
14. Hypophosphatemia 
15. Hypoparathyroidism 
16. Nephrogenic diabetes insipidus 
17. Neurohypophyseal diabetes insipidus 
18. Oculo-cerebro-renal syndrome of Lowe 
19. Hypochromic anemia (Cooley-Rundles- 

20. Angiokeratoma diffusum corporis universale 
21. Dyskeratosis congenita 
22. Dystrophia bullosa hereditaria, typus macu- 

23. Keratosis follicularis spinulosa cum ophiasi 
24. Ichthyosis vulgaris 
25. Anhidrotic ectodermal dysplasia 
26. Amelogenesis imperfecta, hypomaturation 

27. Amelogenesis imperfecta, hypoplastic type 
28. Absence of central incisors 
29. Congenital deafness 

Falls type) 

latus 

type 

30. Progressive deafness 
31. Mental deficiency 
32. Borjeson syndrome 
33. Spinal ataxia 
34. Cerebellar ataxia with extrapyramidal in- 

volvement 
35. Spastic paraplegia 
36. Progressive bulbar paralysis 
37. Charcot-Marie-Tooth peroneal muscular 

atrophy 
38. Diffuse cerebral sclerosis (Pelizaeus-Merz- 

bacher) 
39. Diffuse cerebral sclerosis (Scholz) 
40. Hydrocephalus 
41. Parkinsonism 
42. Ocular albinism 
43. External ophthalmoplegia and myopia 
44. Microphthalmia 
45. Microphthalmia, with digital anomalies 
46. Nystagmus 
47. Megalocornea 
48. Hypoplasia of iris with glaucoma 
49. Congenital total cataract 
50. Congenital cataract with microcornea 
51. Stationary night blindness with myopia 
52. Choroideremia 
53. Retinitis pigmentosa 
54. Macular dystrophy 
55. Retinoschisis 
56. Pseudoglioma 
57. Van den Bosch syndrome 
58. Menkes syndrome 

B.  Conditions for which the evidence o j  X-linkage is considered inconclusive. 

1. Inability to smell cyanide 12. Combined Charcot-Marie-Tooth disease 
2. Incontinentia pigmenti 
3. Wildervanck’s syndrome 
4. Male hypogonadism 
5. Male hypogonadism and ichthyosis 
6. The syndrome of testicular feminization 
7. Male pseudohermaphroditism 
8. Kallmann syndrome 
9. Anosmia 

and Friedreich’s ataxia 
13. Choroidal sclerosis 
14. White occipital lock of hair 
15. Diffuse cortico-meningeal angiomatosis 
16. Albright’s hereditary osteodystrophy 
17. Aptitude for spatial visualization 
18. Microcephaly with spastic diplegia 
19. Familial obstructive jaundice 
20. Paget’s disease of bone 

disease of liver 

10. Zonular cataract and nystagmus 
11. Myoclonic nystagmus 21. Phosphorylase-deficient glycogen storage 

C. Conditions Robably not X-linked although this genetic mechanism has been suggested. 

1. Leber’s optic atrophy 
2. Gynecomastia 6.  Spiegler-Brooke’s tumors 
3. Acrokeratosis verruciformis 
4. The OFD syndrome 

5. Plain radial loop, right index finger 

7. Familial periodic paralysis 
8. Mohr syndrome 
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fidence, been identified as X-borne in the hu- 
man species. In  the Appendix a description is 
provided of each trait, other genetic forms are 
indicated, and the expression of the gene in 
the heterozygous female is described when 
known. For the traits listed in part B the evi- 
dence for X-linkage is incomplete. Some of 
these are probably indeed X-linked; others 
probably are not. Part C discusses certain con- 
ditions for which sex-linkage has been suggested 
but is almost certainly no t  the mode of inherit- 
ance. In  many of these cases inclusion in the 
enumeration (especially in part B) is largely for 
heuristic purposes. 

For reasons given on p. 000, the term X -  
l inked,  rather than sex-linked, will be used 
throughout. 

T h e  diseases and aberrant traits listed in the 
catalog are like a photographic negative from 
which a positive picture of the constitution of 
the X chromosome can be produced. Here is an 
illustration of William Harvey’s observation 
made in 1657, that “in almost all things,. . . 
what they contain of useful or applicable na- 
ture is hardly perceived unless we are deprived 
of them, or they become deranged in some way.” 
Nature’s experiments in these X-linked traits 
inform us that genes on the X chromosome are 
concerned with the formation of normal pro- 
teins, such as anti-hemophilic globulin and 
glucose-6-phosphate dehydrogenase, and with 
normal functions such as gamma globulin for- 
mation, and color discrimination. 

Pedigree patterns of X-linked inheritance. 
On p. 88 methods for detecting X-linkage of 
common traits are discussed. Evidence for the 
X-borne nature of rarer mutations is provided 
by demonstration of a typical “sex linked” pedi- 
gree pattern (Figs. la-c, 4), of which the criti- 
cal feature is absence of male-to-male trans- 
mission. 

For an X-linked recessiue trait, one-fourth of 
the sons of all daughters of carrier females are 
expected to be affected (Fig. 3). In  Table 2 
this test of the X-linked recessive hypothesis has 
been applied to the pedigree shown in Figure 2. 

T h e  pedigree pattern characteristic of X- 
linked recessive traits such as hemophilia creates 
practical problems in tracing families. Osler 
(1885) pointed this out in writing about hemo- 
philia: “As the tendency is chiefly transmitted 
through the female members of a family, who 
lose the patronymic by marriage, it is often 

difficult to trace the relationship. I think if we 
had fuller genealogical details we should find 
that several of the bleeder families now thought 
to be distinct belong to the same stock.” 

In  the case of X-linked dominant  traits, af- 
fection of all daughters of affected males is, 
like absence of male-to-male transmission, an 
essential feature (Fig. 4). (Nos. A14 and A23 
are examples of X-linked dominance (Fig. 5)) 
X-linked dominance superficially resembles au- 
tosomal dominance in pedigree pattern. T h e  
difference becomes obvious, however, when the 
children of affected males are analyzed (Table 
3). With autosomal dominant traits, half, on 
the average, of both the sons and the daughters 
of an affected person are affected; with X-linked 
dominant traits, although the same is true for 
the offspring of affected females, all the 
daughters and none of the sons of affected males 
are affected. An excess of affected females should 
make one suspect X-linked dominant inher- 
itance. With an X-linked trait which is always 
evident in the heterozygous female, the number 
of affected females in an extensive pedigree ap- 
proaches twice the number of affected males, 
and the same is true in the population at  large. 
T h e  last is true, however, only if the gene fre- 
quently is fairly low. For example, with the X- 
linked dominant blood group Xg” (Mann, et  al., 
1962) the frequency of “affected” females is not 
twice that of affected males; 62 per cent of males 
and 89 per cent of females have the blood 
group. (Since p = 0.62, the expected frequency 
of Xg(a+) females is p2 + 2 pq, or 0.86. See 
p. 88.) 

Other characteristics of X-linked dominant in- 
heritance are the following: 1) Barring new 
mutation and incomplete penetrance, affected 
males always have an affected mother. 2) One- 
third of affected females have an affected father 
and two-thirds an affected mother. 

If the disorder for which X-linked dominant 
inheritance is suspected on the basis of more 
frequent involvement of females is also more 
severe in females, then sex-influenced autosomal 
dominant inheritance is more likely than X- 
linked inheritance. On the average, females 
heterozygous for an X-linked dominant trait 
have less marked expression than do hemizy- 
gous males. For this reason, discussed further 
on p. 82, X-linked dominant traits might more 
appropriately be called X-linked intermediates. 

X-linked dominance with lethality in the 
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Carriers 

I1 1 
I11 8 
I11 9 
IV 20 
IV 26 
V 31 
v 37 

Observed 
Expected 

0 
0 

Grandsons through Daughters 

Total Affected Unaffected 

16 3 13 
14 3 11 
5 4 1 

13 2 11 
2 2 0 
3 0 3 

53 14 39 

- - - 

14.25 38.75 

9 - O  9 - O  

0 Affected male, female 

Carrier female 

0 Unaffected male, 
non-carrier female 

a 

9 - O  

Affected male, female 

@ Carrier female 

0 0 Unaffected male, 
non- carrier female 

b 
FIG. 1. SCHEMATIC AND IDEALIZED PEDIGREE PATTERNS 

OF X-LINKED RECESSIVE TRAITS 
a. The “oblique,” or “knight’s move” pattern 

created by involvement of males and transmission 
through females. b. The occurrence of a homozy ous 
affected female through a consanguineous (&st- 
cousin) mating of an “affected” male and a carrier 
female. Note that there is no inconsistency with the 
rule of no male-to-male transmission; the “affected” 
male in the last generation inherited the trait from 
his carrier mother. c. Among the children of an “af- 
fected” male all daughters are obligatory carriers 
and all sons are normal. 

I 

Affected male, female 

0 Carrier female 

0 0 Unaffected male, 
non- carrier female 

FIG. IC 

hemizygous male can result in a pedigree pat- 
tern (Fig. 6) showing affection of females (and 
only females) in direct descent through several 
generations, a deficiency of males among the 
offspring of affected females, and an  unusually 
high frequency of abortion in affected females. 
This mode of inheritance has been invoked for 
a t  least two disorders, incontinentia p igment i  
(No. B 2 )  and the OFD syndrome (No. C4), and 
might be suggested in connection with two 
others, Wildervanck‘s syndrome (No. B3) and 
a variety of congenital cataract (No. A 4 9  (See 
Figure 7a and b.) Female-limited autosomal 
dominance cannot be excluded. An autosomal 
“partial trisomy” lethal in the male has been 
claimed for the OFD syndrome by Patau and 
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FIG. 2. PEDIGREE OF X-LINKED RECESSIVE SPASTIC PARAPLEGIA 
See Table I for analysis of the X-linked recessive hypothesis. V 30 should be indicated as the oldest member of his sibship. The birth order 

of the others is as indicated. VI 24 and 26 were female offspring who died in the first two weeks of life. Males VI1 19 and VI11 1 show no detect- 
able abnormality at the ages of six months and three months, respectively. Except for V 30 the males indicated as dying young died of acci- 
dental causes or tuberculosis after the age of 10 years and can, with reasonable confidence, be considered unaffected. (Pedigree extended from 
that published in Am. J .  Human Genet. (Johnston and McKusick, 1962).) 

0 
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. 50  Q 
-1 

.25 .75 
FIG. 3. TEST FOR X-LINKED RECESSIVE INHERITANCE 

One-fourth of the sons of daughters of carrier fe- 
males are expected to be affected. See Table I for 
applications of this approach to analysis of pedigree 
in Figure 2. 

colleagues (1961). Demonstration of linkage 
with an  established X-linked trait is the only 
conclusive proof that the locus in question is 
on the X chromosome. Also difficult to exclude 
is cytoplasmic inheritance, for example, through 
the mechanism of a virus-like agent. Indeed, in 
incontinentia pigmenti ,  cytoplasmic inclusions 
suggesting virus have been idkntified in  acute 
inflammatory stages of the disease (Murrell, 
196 1, personal communication, Richmond) and 
the associated congenital malformations could 
be easily explained on this basis (see B2 of the 
appendix). 

Partial, or incomplete, sex-linkage, resulting 
from the location of genes on homologous, or 
pairing, portions of the X and Y chromosomes 
would be exvected to have characteristic Dat- 

pedigree of familial nephritis with deafness 
reported from Utah (Perkoff, et al., 1960). How- 
ever, as more pedigrees of this disorder accumu- 
late, autosomal inheritance with an abnormal 
segregation ratio seems more likely (Cohen, Cas- 
sidy, and Hanna, 1961; Graham, 1959b; Shaw 
and Glover, 1961; Whalen, et  al., 1961). I t  has 
been suggested (Berlyne, Bulmer, and Platt, 
1961) that pseudoxanthoma elasticum may be a 
partially sex-linked recessive trait, since most of 
the reported sibships have contained affected 
males or affected females and rarely both. I n  
fact in  only one family out of 22 reported with 
adequate information did Berlyne and his col- 
leagues find affected sibs of both sexes. How- 
ever, we can add two further families of this 
type: in  one sibship four males and one female 
out of seven sibs are affected; in a second unre- 

PI? I 

II 

m 
3 4 5 6 7  

= y o m  
1 2 3 4 5  

= c I 8 0 6  
1 2 3 4  

Affected hemizygous male 

a Affected heterozygous female 

0 Unaffected male; female 
a 

I 

II 
I 

terns of heredity. If the trait is dominant most 
of the affected children of affected males will be 
of the sex of the affected paternal grandparent. 
If the trait is recessive, partial sex linkage is 
tested for as in autosomal linkage, the locus of 
the trait in question and the homologous seg- 
ment of either X or Y being the two elements 
for which linkage is tested. T h e  simplest case 

1 2 3 4 5 6 7 8 9  

e Affected male, female 

0 0 Unaffected male, female 

b 
FIG. 4. SCHEMATIC AND IDEALIZED PEDIGREE PATTERN 

a. Among the offspring of “affected” males all 

pare with the idealized pattern of autosomal domi- 
nant trait. b. If the trait were autosomal dominant, 
the probability that all six sons of affected males 

is when the linkage phase of the father (i.e., on 
his chromosome) is known from the 

OF X-LINKED DOMINANT TRAITS 

Or his daughters are “affect&,” all sons are normal. Corn- 
type of first cousin marriage (see Fig. 33b). 

Morton (1957) concluded that SO far the evi- 
for any Of partial is would be normal and all four daughters affected is 

unacceptable. A possible exception was the large (s)”, or 0.001. 
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Skeletal deformity 

Low serum phosphorus +Deceased 

a 

VITAMIN 0-RESISTANT RICKETS 

Affected male, femole 

b 
FIG. 5. X-LINKED DOMINANT INHERITANCE OF HYPOPHOSPHATEMIA 

a. Pedigree redrawn from Winters, et al. (1957). (The symbols consisting of a circle within a 
s uare represent a group of unaffected males and females in the number indicated, e.g., V 
9LlOl are three unaffected males.) Williams, Winters, and Burnett (1960) make the useful 
point, which is of general pertinence in human genetics, that if skeletal disease is taken as the 
trait for genetic study the mode of inheritance is unclear, whereas use of the trait hypophos- 
phatemia results in a distinctive pedigree pattern. b. Seven pedigrees of hypophosphaternta (vi- 
tamin D resistant rickets) which in the original publication were interpreted as indicative of 
autosomal dominant inheritance. However, the pedigree pattern is equally consistent, in fact 
more consistent, with X-linked dominant inheritance. Pedigrees 1 and 2 are re-drawn from 
Tobler, Prader and Taillard (1956); pedigree 3 from Mitchell and Mitchell (1957); pedigrees 
4-7 from Dent and Harris (1956). 

lated sibship a brother and sister are affected. 
Any intrafamilial correlations with sex, such as 
those Haldane (1935, 1936) observed, could also 
be due to modifying genes segregating in fam- 

ilies and affecting the expression in different 
sexes. T h e  cytologic evidence (p. 000) also makes 
partial sex linkage unlikely. 

Simulation of X-linked inheritance can re- 
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TABLE 3 
Hypophosphatemic progeny of hypophosphatemic males 

and hypophosphatemic females 
(From Winters et al .  (2957)) 

Male Progeny 
Expected : 

If autosomal 
dominant 

If sex-linked 
dominant 

Observed : 

Female Progeny 
Expected : 

If autosomal 
dominant 

If sex-linked 
dominant 

Observed : 

All Progeny 
Expected : 

If autosomal 
dominant 

If sex-linked 
dominant 

Observed : 

- 
No1 
ma 
- 

5 

10 

10 

5 

0 

0 

10 

10 

10 

Progeny of 
7 Males 

Af 
ecti 
- 

5 

0 

0 

5 

1 1  

1 1  

10 

10 

1 1  

‘ota 

- 

10 

1 1  

21 

- 
Nor 
ma 
- 

7 

7 

6 

6 

6 .  

9 

13 

13 

15 

Progeny of 
9 Females 

__ 
Af- 
ecte 
- 

7 

7 

8 

6 .  

6 .  

4 

13. 

13. 

12 

_. 

:otal 

14 

13 

27 

The observed distributions in the progeny of 
affected females could have readily occurred by 
chance under the hypothesis of autosomal dom- 
inant inheritance. However, the probability that 
seven affected males would have had all sons nor- 
mal and all daughters affected is extremely small. 

sult through several mechanisms. In those condi- 
tions in which the severity or the nature of the 
trait precludes reproduction by affected males, 
X-linked recessive inheritance is difficult to dis- 
tinguish from male-limited autosomal dominant 
inheritance (Fig. 8). Nos. B4, B5 and B6 in the 
catalog are examples of this dilemma. As in a 
previously cited situation (p. 000), the only proof 
that the gene is X-borne is demonstration of 
linkage with a trait independently proved to be 
X-linked. (Alternatively, the demonstration of 
linkage with an autosomal trait would prove 
that the trait is not X-linked.) Another proof of 
X-linkage is demonstration of the trait in ques- 
tion in cases of the Turner  syndrome of the X O  

type; this approach is, of course, not applicable 
in the case of male hypogonadism or the syn- 
drome of testicular feminization. 

Levit (1936), who emphasized the problem of 
distinguishing X-linked recessive from au- 
tosomal dominant male-limited inheritance, 
suggested that before X-linkage can be con- 
sidered proved nine unaffected sons of affected 
males should have been observed, with, of 
course, no affected sons. Such an experience, 
neglecting the possibility of carrier status of the 
wives of said affected men, reduces the prob- 
ability of autosomal dominant inheritance to 
1/2g or 0.002. Many of the conditions listed in 
the catalog have not passed such a rigorous test. 

If two sisters marry two brothers (or even un- 
related men) and sons of each couple are affected 
by an autosomal recessive disorder, then 
a superficial similarity to X-linked inher- 
itance is created. Some of the pedigrees 
(e.g., Fig. 9) of families with multiple 
instances of the translocation type of Down’s 
syndrome (the preferred term (Allen, et al., 
1961) for Mongolism) suggest X-linked inher- 
itance (Carter, et al., 1960). Only female carriers 
of the 21 /group D translocation have affected 
children (Hamerton, et al., 1961) and by chance 
the affected persons may all be male. 

T h e  opposite error-simulation of autosomal 
dominant inheritance by a sex-linked recessive 
trait-is possible. There was, for example, male- 
to-male transmission of hemophilia (later shown 
to be of type A) through four successive genera- 
tions of Treves’ family (1886) in which, further- 

< 
AFFECTED AND UNAFFECTED 0 0  FEMALE 

0 UNAFFECTED MALE 

0 ABORTION 
FIG. 6 .  IDEALIZED PEDIGREE PATTERN OF. X-LINKED 

DOMINANT TRAIT LETHAL IN THE MALE 
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B 

1 1  1 1  

1 ABORTION 

INCOKnNENTIA FIGMENTI 

a 

b 
FIG. 7. INCONTINENTIA PIGMENTI 

a. Pedigrees of incontinentia pigmenti which is 
thought to be sex-linked dominant trait lethal in 
the male. After Lenz (1961). b. Zncontinentia pig- 
menti. (See No. B2 in appendix for clinical descrip- 
tion.) 

more, consanguineous marriages resulted in 
homozygous hemophilic females (Merskey, 1951 ; 
Gilchrist, 1961) (Fig. 10). Assuming that the 
reporting was accurate, hemophilic males in  

R E V I E W  OF B I O L O G Y  

three successive generations may have married 
heterozygous female carriers and had hemo- 
philic sons for that reason. This is the same sort 
of quasi-dominant pattern as that which results 
with an autosomal recessive trait and much in- 
breeding, e.g., alkaptonuria in the Dominican 
Republic (Milch, 1960). 

Oswald's family (1911), frequently cited as an 
example of X-linked myopia, and Herringham's 
(1889), considered to be an  example of X-linked 
Charcot-Marie-Tooth's disease, contained in- 
stances of male-to-male transmission in the first 
two generations. Both may be errors of recording 
since Charcot-Marie-Tooth's disease is known 
to have X-linked inheritance in certain fam- 
ilies; and myopia, although not to our knowl- 
edge X-linked as an isolated finding, is a com- 
ponent in several syndromes (No. A42, A50) 
whose other features might have been over- 
looked by Oswald (191 1). Other possibilities are 
1) that the son was affected by a mimicking 
condition, genetic or nongenetic, and 2) that 
the son inherited the X-linked recessive trait 
from his mother, a heterozygous carrier. 

Significance of dominance and recessiueness 
in X-linkage. As the terms are used in medical 
genetics, which is concerned in the main with 
rare traits which when dominant occur almost 
only in heterozygous individuals, the definitions 
of dominance and recessiveness differ from the 
classic ones of Mendel, who introduced the 
terms, but parallel the usage of  Drosophila 
genetics. In  medical genetics a trait is said to be 
dominant if it  is manifest when the responsible 
gene is present in the heterozygous state and to 

, be recessive if the gene must be present in 
double dose, or homozygous state, for mani- 
festation of the trait. As used in connection 
with X-linked traits, these definitions apply 
to the female, but not to the hemizygous male, 
who always (at least for practical purposes this 
is true) expresses the gene. 

T h e  Mendelian definition of dominance 
includes the additional concept that the pheno- 
type of the homozygous individual is indis- 
tinguishable from that of the individual hetero- 
zygous for the same gene. No  trait in the catalog 
(Table 1) is truly dominant in the Mendelian 
sense. For example, the female heterozygous for 
the gene for hypophosphatemia has less marked 
depression of serum phosphorus and less severe 
skeletal deformity than does the Hemizygous 
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I 
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I[ * * 
mob 
m 

@ Hairless women, by exominotion 

Testicular feminization syndrome 

* Surgically confirmed syndrome Schreiner 1959 

FIG. 8. PEDIGREE OF THE "TESTICULAR FEMINIZATION" SYNDROME 
Note that autosomal dominant inheritance with male limitation equally well explains the 

prima facie pedigree evidence. Adapted from Schreiner (1959). 
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FIG. 9. FAMILIAL DOWN SYNDROME OF TRANSLOCATION TYPE WITH PATTERN SIMULATING 
X-LINKED RECESSIVE INHERITANCE 

From Hamerton, et al. (1961) 

male. (The female homozygous for this X-linked have less full expression than hemizygous males. 
mutation has not been observed (Graham, (Actually Mendel's own definition of domi- 
1962).) If the Lyon hypothesis (p. 117 ff) is valid, nant and recessive does not demand such abso- 
one would expect most heterozygous females to lute identity of the homozygous and hGterozygous 
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FIG. 10. HEMOPHILIA A IN THE FAMILY FROM THE SAFFRON WALDEN DISTRICT, ESSEX, ENGLAND, 

(1935), MERSKEY (1951), AND GILCHRIST (1961) 
STUDIED BY TREVES (1886), BULLOCK AND FILDES (1912), HANDLEY AND NUSSBRECHER 

dominant phenotypes as some writers suggest 
(e.g., Allison and Blumberg, 1958). What he 
wrote was as follows (Peters, 1958): “Henceforth 
in this paper those characters which are trans- 
mitted entire, or almost unchanged in the hy- 
bridization and therefore in themselves consti- 
tute the characters of the hybrid, are termed the 
dominant, and those which become latent in the 
process recessive.” If one substitutes “heterozy- 
gote” for “hybrid” and recognizes the qualifica- 
tions “almost unchanged”, Mendel’s definition 
does not differ significantly from the current 
working definition of dominance.) 

As Levit (1936) emphasized, few or no X- 
linked traits are completely recessive. As in 
many autosomal recessive traits, many of the 
X-linked traits in the catalog, when subjected 
to close study, are found to have partial ex- 
pression of the gene in the heterozygote. 
Dominance and recessiveness are relative mat- 
ters. Furthermore, possibly because of the con- 
ditions of the Lyon hypothesis (p. 117), fully 
expressing heterozygotes for X-linked traits oc- 
cur rather more often than in the case of auto- 
somal recessive traits. 

T h e  homozygous state of at least seven X- 
borne mutations has been described: hemophilia 
A (Pola and Svojitka, 1957; Israsls, Lempert, 
and Gilbertson, 1951), two types of color blind- 

ness (Franqois, 1961), glucose-6-phosphate de- 
hydrogenase deficiency, megalocornea (Gron- 
holm, 1921; see Fig. 38); the Xg” blood group 
(Mann, et  al., 1962); and ichthyosis (Czosz, 1929; 
Orel, 1929). In  none is the homozygous female 
any more severely affected than the hemizygous 
male. (The homozygous hemophilic female dog 
has a clinical and hematologic picture indis- 
tinguishable from that of the hemizygous hemo- 
philic male dog (Graham, 1962; personal com- 
munication, Chapel Hill, North Carolina).) 
Hardisty’s female patient with hemophilia B 
(1957) could be an example either of heterozy- 
gous expression or of a homozygote. She was 
the daughter of an affected male. No hemo- 
philiacs were known in the mother’s family. I n  
such a situation the only proof of heterozygosity 
is the genetic one provided when the hemophilic 
female bears normal sons. Often in X-linked 
traits one can prove heterozygosity and thereby 
exclude homozygosity, but one cannot provide 
absolute proof of homozygosity. One of the 
more interesting biological features of hemo- 
philia elucidated in recent years is the survival 
of homozygous hemophilic females, a fact first 
demonstrated in  the dog by Brinkhous and 
Graham (1950). Earlier it was presumed that all 
such individuals died. Hemostasis probably is 
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not as much of a factor in keeping menstruation 
within bounds as had been thought. 

T h e  detection of X-linked traits. Some of the 
mutants listed in the catalog might be called 
“priyate” mutations, having probably been de- 
scribed only in a single family (e.g., No. A22, 
A45, A48, A58). Undoubtedly the X-linked re- 
cessive inheritance of a few conditions has es- 
caped recognition because only brothers in a 
single sibship have been affected. Theoretically, 
support for the X-linked recessive hypothesis 
in such families can be obtained by demon- 
strating an intermediate phenotype in the 
mother (but not in the father) and perhaps also 
in some of her first degree female relatives. For 
example, Williams and Field (1961) in a family 
with hepatic phosphorylase-deficient glycogen 
storage disease found that of three children two 
sons were affected and one son was normal. LOW 
leukocyte phosphorylase activity was demon- 
strated in the affected sons. All other members 
of the family including the father had normal 
leukocyte phorphorylase levels, except the 
mother, who had an intermediate level. T h e  
combination of findings suggests X-linkage, 
with the mother a heterozygous carrier. Teller, 
Rosevear, and Burke (1961) used the same rea- 
soning in a group of cases of the Hurler syn- 
drome. There is, however, an important pitfall 
in this approach: studies of the carrier state 
in persons heterozygous for autosomal recessive 
genes frequently reveal only one parent with 
definitely abnormal findings in the test applied. 
If that parent is the mother and if only sons are 
affected, X-linked inheritance could be falsely 
suspected. Indeed, females affected by the phos- 
phorylase-deficiency type of glycogen storage dis- 
ease of the liver have been described (Hers, 
1959), a fact suggesting autosomal recessive in- 
heritance. 

Other legitimate additions to the list of X- 
linked mutations are no doubt buried in the 
literature and have not been exhumed in the 
preparation of the catalog. For example, Derae- 
maeker (1958), in describing a pedigree of X- 
linked recessive congenital deafness, referred 
to a convincing X-linked pedigree previously 
reported without comment by Stevenson and 
Cheeseman (1956) in a large series from North- 
ern Ireland. From the excess of affected males 
in several large series in the literature Chung, 
Robison, and Morton (1959) estimated that 1.5 

per cent of deafmutism might be on the basis 
of an X-borne mutation. Fraser (1962; persona1 
communication, Seattle) has identified several 
X-linked pedigrees of deafmutism. 

Some autosomally inherited conditions occur 
with greater frequency in males than in females 
(Harris, 1948). T h e  Laurence-Moon-Biedl syn- 
drome (Bell, 1958), gout, familial periodic paral- 
ysis (see C7) and galactosemia (Hsia and Walker, 
1961) are examples. T h e  more frequent occur- 
rence of hereditary hemochromatosis in males 
probably has its basis in the fact that females lose 
iron in the menses and through pregnancies. An 
apparent excess of males affected by some condi- 
tions such as alkaptonuria is almost certainly 
due to social factors (e.g., the more frequent ex- 
amination of men for employment, insurance, 
military service, etc.). It is doubtful that genetic 
heterogeneity with X-linkage in some families 
can account for a male excess which seems gen- 
uine in some hereditary conditions. One possibil- 
ity tested by Csik and Mather (1937) was that an 
X-borne gene must also be present in hemi- 
zygous state in the male or in homozygous state 
in  the female for expression of, let us say, an 
autosomal recessive gene present in homozygous 
state. Since this necessary condition would be 
obtained more often in males (4) than in fe- 
males (9’) a male preponderance might be ex- 
plained. Suffice it to say that with the data ana- 
lyzed, no evidence for such a mechanism could 
be found. One must resort to the alternative 
possibility, that differences in penetrance of the 
autosomal trait are a result of more general 
physiologic differences between males and fe- 
males. 

Certain lethal congenital malformations, 
which occur predominantly in males, may be X- 
linked and may contribute in reducing the high 
primary sex ratio to the lower secondary sex 
ratio observed a t  birth (p. 127). Bilateral renal 
agenesis is such a condition, which has, further- 
more, been observed in brothers (Rosenfeld, 
1959). 

Other conditions (such as Whipple’s disease 
of the intestine) which occur almost exclusively 
in males should also be investigated from the 
point of view of possible X-linkage. Brothers 
affected by Whipple’s disease have been de- 
scribed (Gross, et  al., 1959; Puite and Tesluk, 
1953; Scott and Hosie, 1957), and in one of the 
families (Puite and Tesluk, 1953) tHe mother 
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Autosomal dominant 
Autosomal recessive 
Sex-linked 

may have been affected. (Electron-microscopic 
identification of “cigar-shaped” cytoplasmic in- 
clusions, “bacillary bodies” (Yardley and Hen- 
-drix, 1961), and some of the clinical features sug- 
gest an infectious etiology.) 

Some X-linked dominant traits have probably 
appeared in  the literature under the guise of 
autosomal dominance. For example, small pedi- 
grees of hypophosphatemia (Fig. 5b) were inter- 
preted as showing autosomal dominant inher- 
itance (Dent and Harris, 1956; Mitchell and 
Mitchell, 1957; Tobler, Prader and Taillard, 
1956), although re-examination shows the pat- 
tern to be consistent with X-linked dominant 
inheritance. 

Despite all the difficulties, the pedigree pat- 
tern method is a finer screen for X-linked traits 
than for autosomal traits. I n  fact, the catalog 
of X-linked traits in man represents probably 
the largest group of genes which have been 
located to one chromosome in any metazoan 
other than Drosophila melanogaster, certainly 
the largest in any mammal. At least one ad- 
vantage of man as an  object of genetic study is 
illustrated, namely the very extensive anatomic, 
chemical, physiologic, and pathologic descrip- 
tions of phenotypes. 

T h e  relative frequency of dominant  and re- 
cessive mutations in man.  As just stated, in man 
a more complete enumeration can be achieved 
for X-linked mutations than for autosomal mu- 
tations. Experience in other species, including 
mammals such as the mouse, suggests that re- 
cessive mutations are more numerous than dom- 
inant ones (Haldane, 193913; Levit, 1936). I n  
man the relative proportion of obsemed auto- 
somal traits which are dominant is much greater 
than the proportion which are recessive (Table 
4). I n  part this is because many pedigrees con- 
tain only a single case of a recessive disorder, 
giving no hint of a genetic basis. However, the 
main reason that in man autosomal recessive 
mutant phenotypes are less likely to be detected 
than dominant ones is the low frequency of 
consanguineous matings. Haldane (1939a) ex- 
pressed this well: 

285 35 
89 123 
38 7 

Inbreeding has been relaxed during his- 
torical time in most civilized communities. 
This has resulted in a rapid decrease in the 
frequency of lethal and sublethal recessive 
conditions, followed by a slow increase in the 
frequency of the genes responsibIe for them. 

TABLE 4 
X-lanked traits of man and mouse 

Man Mouse 
(Verschuer, (M. C. I 1959) 1 Green, 1961) 

Most X-linked traits of both man and mouse are 
recessive. 

The frequency of recessive conditions will 
rise slowly to its old level, but the time 
needed for the half completion of this process 
is of the order of at least 2000 years in most 
cases, and may be longer. This gives one rea- 
son why dominant abnormalities appear to be 
commoner than recessives in man. 

Finally, as Levit (1936) pointed out, explana- 
tion of the difference may also reside in part in 
the fact that only the homozygous state of a 
gene is recognized in animals and the milder 
heterozygous state escapes attention, unlike the 
situation in man in which analysis of phenotype 
is often more penetrating. 

On the other hand, an X-borne mutation, 
even if recessive and not expressed in the 
heterozygous female, is always expressed in 
the hemizygous male. For example, hemophilia 
A occurs once in about every 10,000 males. T h e  
gene frequency for X-borne mutations is 
identical to the phenotype frequency in males; 
therefore, the gene frequency for hemophilia A 
is about 1/10,000. If the responsible gene were 
on an  autosome and were recessive, if the gene 
frequency were the same, and if breeding were 
random the frequency of affected persons would 
be ( I /  10,000)2, or only 1 in 100 million. 

Furthermore, if the proportion of males af- 
fected by hemophilia is 1/10,000, the proportion 
of affected females (again disregarding con- 
sanguinity) is 1 in 100,000,000. T h e  occurrence 
of hemophilia in the human female was not 
established unequivocally until 1951 (Israels, 
Lempert and Gilbertson, 1951; Merskey, 195 I), 
after its demonstration in the dog (Brinkhous 
and Graham, 1950) had proved that the homo- 
zygous state is not necessarily lethal. Since the 
homozygous state of the gene is required for 
expression in the female, the delayed recog- 
nition is consistent with the above argument. I ,  ., ” 
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Writing in 1912, Bullock and Fildes stated: “So 
far as we can find, after studying the contents 
of some 900 papers on haemophilia, no case has 
yet been described in a female which bears more 
than a superficial resemblance to the disease as 
found in the male.” Actually it has more re- 
cently been demonstrated by Merskey (195 1) 
and by Gilchrist (1961) that the female with 
hemophilia reported by Treves in 1886, but con- 
sidered unacceptable by Bullock and Fildes, was 
indeed a female homozygous for antihemophilic 
globulin deficiency (Fig. 10). 

It is true to state that, in animals and for X- 
linked traits in man, those mutations we can 
recognize are most often recessive and that in  
man autosomal mutations that we can recognize 
are most often dominant. T h e  generalization 
that mutations are more often recessive than 
dominant does not necessarily follow, since we 
may not be able to recognize many dominant 
lethals. On the other hand, one would anticipate 
a tendency for mutations to become recessive 
through a change in the genetic background 
against which they occur. This phenomenon 
(Haldane, 1939a) was referred to by Fisher 
(1931) as “the evolution of dominance” on the 
part of the wild, more “normal” or beneficial 
allele. Haldane (1930) summarized the hypothe- 
sis as follows: “Fisher has suggested that on its 
first appearance a mutant gene usually produces 
a marked effect in the heterozygous condition, 
and becomes recessive to the wild type only as 
the result of natural selection acting over very 
long periods. He  regards this process as due to 
the selection of specific modifying genes which 
render the appearance and viability of the 
heterozygote approximately the same as those 
of the wild type.” (It is, of course, the pheno- 
type, not the gene, which becomes recessive.) 
Levit (1936) referred to the same phenomenon 
as follows: “It has become generally recognized 
in recent years that wild genes (normal allelo- 
morphs) did not always so generally dominate 
over their mutant allelomorphs as they do now, 
but that at least some of them became dominant 
through natural selection. There is a difference 
of opinion, however, as regards the question of 
the mechanism of this evolutionary process.” 
(Again it is the normal phenotype, not the nor- 
mal gene, which “became dominant through 
natural selection.”) 

Phenocopies and genocopies of X-linked 
traits. A risk which is carried by lists such as the 

catalog of X-linked traits is that the unin- 
formed will conclude that a particular trait 
named therein is always hereditary or is always 
X-linked. The  heterogeneity of genetic disease 
and the occurrence of environmentally deter- 
mined phenocopies of genetic disease are funda- 
mental principles of medical genetics. Although 
several of the conditions listed in  the catalog 
are indeed always hereditary and always X- 
linked (e.g., A51 and A55), many others 
have autosomal genocopies, or genetic mimics 
(e.g., No. AS, A6, A l l ,  A30, A53). Some- 
times phenotypic differences between auto- 
somal and X-linked forms can be detected 
on  close comparison; for example, the X-linked 
form of the Hurler syndrome lacks corneal opac- 
ity, a feature of the autosomal form (McKusick, 
1960a). Nystagmus (No. A46) and Parkinsonism 
(No. A41) are really only symptoms; not only 
are there autosomally inherited forms but also 
these symptoms occur with environmentally in- 
duced damage to the central nervous system on 
a toxic, traumatic or infectious basis. 

I n  Charcot-Marie-Tooth peroneal muscular 
dystrophy and in retinitis pigmentosa, auto- 
somal dominant, and autosomal recessive forms 
of inheritance are observed as well as X-linked 
inheritance. In  these and possibly other condi- 
tions, severity, as gauged by age of onset and age 
of incapacitation, tends to be greatest in  the 
autosomal recessive form and least in the auto- 
somal dominant form, with the X-linked re- 
cessive form intermediate (Allan, 1939). 

Deficiency of antihemophilic globulin in von 
Willebrand’s disease (“vascular hemophilia”), 
which is transmitted as an autosomal dominant 
(Graham, 1959a; Raccuglia and Neel, 1960), may 
be evidence that (Graham, 1959a) both au- 
tosomal and X-borne loci are concerned nor- 
mally with the same phenotype protein. (See No. 
A8 in Appendix for another interpretation.) 

Can muta t ion  at more than  one  locus on the 
X chromosome result in some of these disorders? 
In the Waaler hypothesis two loci have been 
postulated for X-linked color blindness: one 
locus with an  allelic series for the protan type 
and a second locus with an  allelic series for 
the deutan type (Kalmus, 1962; Stern, 1958). 
(Tritanopia is by the evidence of Kalmus (1955- 
1956) autosomal in its genetic control. Total  
color blindness is also autosomal (Franpis, 1961) 
in the experience of most, although one clearly 
X-linked pedigree has been studied; see No. A3.) 
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X-linked hemophilia, previously considered a 
single entity, is now known to consist of at least 
two physiologically distinct entities which may 
be genetically distinct as well; linkage studies 
(Whittaker, Copeland, and Graham, 1962) sug- 
gest that they are determined by genes a t  loci 
rather widely separated on the X chromosome. 

Are  some of the separately listed X-borne 
traits actually determined by allelic genes? Mul- 
tiple allelism seems adequately established for 
each of the two loci for partial color blindness. 
However, nothing is known about possible al- 
lelic relationship of other traits listed here as 
separate mutations. Is there an  allelic relation- 
ship between the Duchenne (No. A6) and 
Becker (No. A7) forms of pseudohypertrophic 
muscular dystrophy; between nystagmus (No. 
A46) and myoclonic nystagmus (No. B l l ) ;  be- 
tween congenital deafness (No. A29) and pro- 
gressive deafness of later onset (No. A3O); be- 
tween retinitis pigmentosa (No. A53), choroi- 
deremia (No. A52), and choroidal sclerosis (No. 
B13), all rather similar conditions? One notes 
the occurrence of myopia with stationary night 
blindness in one mutation (No. A51) and with 
external ophthalmoplegia in another (No. 
A43). Thrombocytopenia occurs with at  least 
two X-linked syndromes (No. A13 and A21). 
Phenotypically distinct types of spinocerebellar 
degeneration are X-linked (Nos. A33, A34, 
A35). Might these be determined by allelic 
genes? At least two X-linked forms of diffuse 
cerebral sclerosis (No. A38, A39) are pheno- 
typically similar although, in the opinion of 
most, they are distinct entities. 

As Nee1 (1961a) points out, arguments of alT 
lelism based on phenotypic similarities must 
be pursued with great caution, however. 

There appear to be four separate X-linked 
mutations affecting glucose-6-phosphate dehy- 
drogenase (see Appendix, No. A4). As indicated 
later (p. 100) linkage studies in man can prove 
non-allelism but cannot be expected to pro- 
vide absolute proof of allelism. However, the 
evidence to date is consistent with the hypothe- 
sis that all four mutations are allelic. 

T h e  complementarity test of allelism so use- 
ful in bacterial genetics has been applied to 
the variant hemoglobins and to genetic coagu- 
lation defects in man. Since an artificial mixture 
of blood from a classic hemophiliac and blood 
from a case of Christmas disease has normal 
clotting capacity, the genes are known to be 

members of different cistrons and therefore 
nonallelic (Benzer, 1957). Nonallelism of the 
genes for the two types of clotting defect is fur- 
ther supported by the difference in linkage re- 
lationships with color blindness (p. 94). 

Other  comments.  Most X-linked mutations 
in man have been detected by recognition of a 
characteristic pedigree pattern. Discussion to 
this point has, therefore, been appropriately 
focused on this approach. In  the case of common  
traits the approach to detection is somewhat 
different. X-linkage of frequently occurring 
traits is in  the first place suspected from the rela- 
tive frequency of affected males and females. If 
the trait is recessive, the frequency of affected 
males is q and of females 1'; thus males are more 
frequently affected. If the trait is dominant the 
frequency of affected males is p and of affected 
females is p' + 2 pq; females are more fre- 
quently affected. Color blindness and glucose- 
6-phosphate dehydrogenase deficiency are ex- 
amples of the first, and the newly discovered 
Xg" blood group antigen (No. A5) is an example 
of the second. 

A second step in detecting X-linkage of com- 
mon traits is to determine whether the types 
of matings in a randomly ascertained collection 
of marital couples agrees with the proportions 
expected on the basis of gene frequencies de- 
rived from the phenotype frequencies in the 
male (Table 5). 

A third step in detecting X-linkage of com- 
mon traits is to determine the proportion of af- 
fected males and females among the children 
of different types of matings. T h e  critical type 
of mating in the case of an X-linked dominant 
is affected male by normal female; all daughters 
and no sons should be affected. In  the case of an 
X-linked recessive trait, matings of affected 
male by affected female result in  all of both 
sons and daughters affected, just as with au- 
tosomal recessive traits. T h e  Chapel Hill group 
(Graham, 1962; personal communication, Chapel 
Hill, South Carolina) has observed 10 such 
matings of hemophilic dogs and all 47 offspring 
of both sexes have been hemophilic.) Among 
the offspring of a male affected by an X-linked 
recessive trait the frequency of affected sons is 
determined by the frequency of heterozygous 
female carriers in the population. 

I n  man graded characters, whose genetic com- 
ponent is presumed to be polygenic, are also 
influenced by X-borne genes. Intrafamilial com- 
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TABLE 5 
The exprcted distribution of mating OFes in a randomly ascertained series of couples 

and the distribution of phenotypes in their children 
( p  and q are frequencies of dominant and recessive alleles, respectively, and p 4- q = I )  

Parents 

Father Mother 

Dominant X Dominant 
phenotype phenotype (p2 + 2pq 

(PI 

(P) 

(9) 

(9) 

Recessive X Dominant 
phenotype phenotype (q2) 

Recessive Dominant 
phenotype phenotype (p2 + 2pq 

phenotype phenotype (q2) 
Recessive Recessive 

Proportion of 
Mating Types 

P3 + 2 P24 

Pq2 

Pzq + 2 Pq2 

CIS 

1 

Sons 

Dominant 
Phenotype 

1 - Pq 

0 

1 - Pq 

0 

Recessive 
Phenotype 

Pq 

1 

Pq 

1 

Daughters 

Dominant 
Phenotype 

1 

1 

1 - Pq 

0 

Recessive 
Phenotype 

0 

0 

Pq 

1 

parisons, essentially an application of the pedi- 
gree method, must form the basis for a conclu- 
sion on this point. In  a large study, Winge 
(1921) noted a tendency for the eye color of the 
child to take after that of the parent of op- 
posite sex. Hogben (1932) pointed out that any 
contribution of sex-linked genes to the observed 
variance will tend to lower the correlation be- 
tween father and son and between brother and 
sister. I t  will raise the correlation between 
father and daughter or between sister and sister. 
Two sisters are more alike than two brothers, 
for in brothers the one X chromosome may be 
either of the mother’s two; while in sisters one 
X chromosome (the paternal one) is identical 
and the other is, with 50 per cent likelihood, 
identical. (Because of crossing over the maternal 
X chromosome contributed to two daughters 
is never completely identical, of course.) Hog- 
ben (1932) made the interesting comment: “If 
an appreciable proportion of the total variance 
[in intelligence quotients] is due to sex-linked 
genes, it is of more importance that a boy should 
have a clever mother than a clever father.” 

Finney (1939) applied a method for testing 
for sex-linkage in a quantitative character to 
records on stature obtained by Galton. There 
was a suggestion of effects of X-linked gene(s), 
but he warned that “in view of the various 
seeming contradictions found in the data, it  
would be undesirable to place trust in any 

results derived therefrom without first testing 
them on other records.” Brues (1950), by linkage 
studies using Penrose’s sib-pair method, con- 
cluded that X-linked factors may be involved 
in body-build. However, so many assumptions 
and corrections were necessary to permit com- 
parison of male and female sibs that no firm 
conclusion is, as she pointed out, possible. 

Schaefer, Adlersberg, and Steinberg studied 
intrafamilial correlations for serum levels of 
cholesterol (1958a) and phospholipids (1958b). 
Whereas the parents showed no correlation, the 
parent-child and sib-sib correlations were sig- 
nificantly different from zero. Because of age 
and sex effects, all values were converted to the 
equivalent levels for males age 20 years before 
correlations were determined. In  the case of 
both cholesterol and phospholipid these workers 
concluded that the data “do not support the 
hypothesis of an important sex-linked com- 
ponent in the genetic causation of the serum 
level.” However, since father-son correlations 
were considerably lower than the others, the 
matter may not be completely closed. 

I t  is of interest that hemophilia is X-linked 
also in the dog, and that in the dog, as in man, 
two varieties of X-linked hemophilia, A and B, 
have been found (Hutt, Rickard, and Field, 
1948; Mustard, et al., 1960). In  each type the 
physiologic defect is seemingly identical in man 
and dog. T h e  findings suggest that the loci 
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concerned with two factors essential to clotting, 
AHG (antihemophilic globulin) and PTC 
(plasma thromboplastin component), may be 
older than either species. Hutt  (1953) points 
out that in cattle a condition seemingly identi- 
cal to anhidrotic ectodermal dysplasia is trans- 
mitted as an X-linked trait as in man. It is diffi- 
cult to believe that all three of these cases are 
chance coincidence. Possible X-linked homol- 
ogies in mice and men will also be worthy of 
study from this point of view. 

In  organisms other than man there is evidence 
1) that genes responsible for similar functions 
are often linked (Ames, Garry, and Herzenberg, 
1960; Demerec and Hartman, 1959), 2) that 
genes functioning at the same time in  ontogeny, 
although with quite different functions, may be 
linked (Paigen and Noell, 196l), and 3) that 
genes controlling successive steps in a chain of 
biochemical reactions are sometimes linked in  
a similar sequence on the chromosome (Ames, 
Garry, and Herzenberg, 1960). I n  the case of the 
genes controlling hemoglobin synthesis in man 
there is evidence for a “remarkable.. . clustering 
of related genetic functions on a single mamma- 
lian chromosome” (Neel, 1961b). 

Is there any evidence of a concentration 
of genes with related function in the X 
chromosome? One wonders at the large num- 
ber of X-linked ocular characters, 18 out 
of 58. In  some part this may be due to the 
fact that ophthalmologists have, from the work 
of Leber, Horner, Nettleship, Usher, Waarden- 
burg, Sorsby, Franceschetti, Falls, Franqois, and 
others, long been informed about the typical 
pedigree pattern of X-linked traits. Further- 
more, the phenotype is more accessible to study 
in the case of ocular traits than in many others. 
A valid way to examine the question of whether 
there is a concentration of “ocular loci” on the 
X chromosome is to determine whether more 
than 5 or 6 per cent of the numerous hereditary 
traits affecting the eye are X-linked. A perusal 
of the large monographs on heredity and the eye 
(Franqois, 1961; Waardenburg, Franceschetti, 
and Klein, 1961) would suggest that the num- 
ber of X-linked traits is not  out of proportion 
to the number of autosomal traits. 

In the discussion above and in the catalog, 
the term mutat ion has been used in  a general 
sense. It is possible, for example, that some of 
the X-linked traits enumerated in the appendix, 
perhaps particularly the rarer ones and those 

which are especially complex disorders (e.g., 
No. A21, A22, and A57), are the result, not of 
point mutation, but rather of deletions, in- 
versions, or similar grosser derangements in  the 
X chromosome. Furthermore, the terms muta- 
t ion and mutant  have often been used inter- 
changeably. Strictly speaking, mutat ion is a proc- 
ess and mutant  is the result. 

LINKAGE DATA ON THE CONSTITUTION OF THE 

X CHROMOSOME OF MAN 

Definitions. Linkage in general and sex l ink- 
age specifically are terms often misused in the 
clinical literature. Linkage is sometimes used for 
syndromal relationship (p. loo), when in fact 
the occurrence together of several hereditary 
traits has its basis in the multiple ramifications 
of the effect of a single gene. Linkage is also 
confused with blood-group-and-disease associ- 
ation. It is not generally appreciated that 
genetic linkage has no influence on the associ- 
ation of two traits in a population, except un- 
der the special circumstances of close linkage 
and insufficient time in  number of generations 
for complete “mincing of the germ plasm” 
through crossing over (p. 100). 

Sex-linkage is often confused with sex-limita- 
t ion,  or sex-influence. For example, loose- 
jointedness is often cited as a “sex-linked trait” 
on the basis of a paper (Key, 1927) entitled 
“Hypermobility of joints as a sex-linked heredi- 
tary character.” However, the family in point 
consisted of an affected father with all three 
sons affected and all five daughters unaffected. 
Obviously this is not sex-linked, at least not 
X-linked, inheritance. Another example: Dorn’s 
“dominan t-geschlechts-chromosomen - gebunde- 
ner Erbgang bei Trichoclasie” (Dorn, 1956) 
is an instance of male-to-male transmission 
through four generations and not of the usual 
pattern of X-linked inheritance, although in the 
last generation the unaffected sister of two af- 
fected males had an affected son. A third ex- 
ample: in 1951 Barker, Commons, and Shelton 
described what they called “sex-linked juvenile 
diabetes mellitus” based on a sibship in which 
of six children three males were diabetic and 
three females were non-diabetic. Diabetes was 
present in a paternal great-aunt and one of 
her daughters but not on the maternal side, and 
both parents were non-diabetic. Their  con- 
clusion that “the diabetes is probably inherited 
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as a sex-linked recessive characteristic with het- 
erozygous parents” is obviously genetic nonsense. 

Linkage is a genetic phenomenon displayed 
by two or more traits determined by genes at 
loci sufficiently near each other on the same 
chromosome pair. Two loci may be on the 
same chromosome pair but lie so far apart that 
through crossing over free recombination oc- 
curs between them and differentiation is im- 
possible from the independent assortment of 
Mendel’s second law, as observed with loci 
located on separate chromosome pairs (unless, 
of course, a third locus situated between the 
two is known or both of the loci are by other 
evidence clearly X-linked). 

X-linkage has been used throughout this 
discussion because i t  is a more precise and spe- 
cific term than sex-linkage. Y-linkage is also a 
form of sex-linkage. Gonosomal, the term con- 
trasting with “autosomal,” likewise does not 
distinguish between X-linkage and Y-linkage. 
Partial, or incomplete, sex-linkage, a some- 
what confusing term, refers, as previously in- 
dicated, to the pedigree pattern which would 
be displayed by traits determined by genes on 
homologous parts of the X and Y chromosomes. 
I n  the sense that in  a given sibship one or the 
other sex is more likely to be affected by the 
trait, partial sex linkage is meaningful. 

Study of no X-linked trait in  a kindred can 
be considered complete until the possibility of 
determining the linkage relationships with one 
of the “marker traits” has been explored. T h e  
existence of at  least three frequently occurring 
X-linked traits, color blindness, glucose-6- 
phosphate dehydrogenase deficiency, and the 
blood g o u p  antigen Xg“ permits estimation of 
how close on the X chromosome these loci are 
situated and how close one of these loci is to 
those of rare X-borne genes. I n  those popula- 
tions which show the polymorphism, the electro- 
phoretic variants of GGPD (for which the 
heterozygous female can be identified) will prob- 
ably also be useful for X chromosome mapping 
and for study of X chromosome aneuploidy 
(Boyer, 1962; personal communication, Balti- 
more). Peculiarities of the distribution of 
marker genes in populations present difficul- 
ties in the study of linkage. For example, 
Negroes with the highest frequency of G6PD- 
deficiency have a low frequency of hemophilia, 
making it unlikely that one will easily find fam- 
ilies segregating for both traits. Graham (1962) 

I ,  

Two loci on same pair of 
chromosomes less than 
50 recombination units apart 

ALTERNATIVE I i] 
ALTEANATIVEII 0 4 + 

Loci on different 
pairs of chromosomes 

I , , ,  - 
LOCI on the same pair of chromosomes but so far 
apart that random asswtment occurs through crossing-over 

FIG. 11. THE ALTERNATIVES (I and 11) WHICH STUDIES 

At the same time, linkage having been found, one 
determines the relative distance separating the two 
loci on the chromosome. Usually the issue in X- 
linkage is only the distance separating the two loci. 

OF AUTOSOMAL LINKAGE SEEK TO DISTINGUISH 

found only two Negro hemophilic families in  
a group of 60 families, despite the fact that 
Negroes represented about a quarter of the 
population studied and relatively complete as- 
certainment was achieved. 

Quantitative analysis of linkage. T h e  ques- 
tions to which answers are sought in studies of 
autosomal linkage (Fig. 11) are the following: 
Are locus alpha (let us say, the A B 0  blood 
group locus) and locus beta (for example, the 
locus occupied by a gene for achondroplastic 
dwarfism) on the same chromosome pair and, 
if so, how far apart are they? I n  practice the 
second #question is answered first. T h e  distance 
separating two loci is determined by the amount 
of genetic recombination that goes on between 
them, as indicated by the frequency of so-called 
recombinants in the progeny. With closely situ- 
ated loci the proportion of “recombinant in- 
dividuals” among the children of informative 
matings is small. If the loci are far apart on the 
same chromosome pair or if they are on separate 
chromosomes, then half the offspring of ap- 
propriate matings will be of the two recombi- 
nant types as contrasted with the parental types. 
Note that it is impossible to distinguish be- 
tween location on separate chromosome pairs 
and separation by 50 or more recombination 
units (centimorgans). T h e  morgan, the measure 
of genetic map distance, is named, obviously, 
for the early student of linkage (p. 73). One 
centimorgan, or map unit, is that distance sep- 
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arating two loci which show recombination in 
one out of 100 gametes in the doubly heterozy- 
gous person. 

In X-linkage the question usually asked is, 
how far apart on the X chromosome are the 
two loci? T h a t  both are located on the X 
chromosome is usually clear from pedigree 
analysis. Such is, however, not always the case. 
For example, in the syndrome of testicular 
feminization (No. B6) and in male hypogonadism 
(No. B4) male-limited autosomal dominant in- 
heritance is a possible alternative (p. 81). In  
such cases studies (with color blindness or other 
marker traits) can be used to determine whether 
the gene is in fact X-borne. Note that if link- 
age is demonstrated in such studies, the gene can 
be said to be X-borne; but if linkage cannot be 
demonstrated, the locus in question may still be 
X-borne but far away from the marker locus. 
If chiasma counts in the autosomes it can be used 
to estimate the amount of genetic crossing over 
in the X chromosomes (see p. 000), then one 
would conclude that there is ample opportunity 
for independent segregation of many of the X- 
borne loci. 

X-linkage has interesting properties distinct 
from autosomal linkage, properties which have 
pertinence in the design of mapping studies. 
Information on recombination is provided by 

the phenotypes of the sons of doubly hetero- 
zygous females. For the simplest analysis the 
father is irrelevant, a circumstance fortunate 
for linkage studies in populations with a high 
illegitimacy rate. I t  is necessary, however, to 
have information on whether the two traits are 
in coupling phase or repulsion phase in the 
doubly heterozygous mother. This can be as- 
certained from the phenotype of her father (the 
maternal grandfather of the proband) as in- 
dicated in Figure 12. Here, of course, illegiti- 
macy, as well as other practical considerations 
such as availability of the grandfather for test- 
ing, does become a factor. This approach can 
conveniently be referred to as the Grandfather 
Method.  It is applicable to both dominant and 
recessive X-linked traits. 

Doubly heterozygous mothers are ascertained 
through sibships containing sons with both traits 
either alone or in combination. Bias is avoided 
by first ascertaining sibships by the presence of 
one male with one of the traits and then testing 
all males in said sibships for the second trait. I t  
would, for example, be inappropriate, and cer- 
tainly inefficien’t, to ascertain only doubly af- 
fected males as probands. See Figure IS for the 
description of a study using the Grandfather 
Method. 

(When both the traits whose linkage relation- 

DOUBLE 

IN COUPLING 
MOTHER HETEROZYGOTE 

I 
NON -RECOMBINANTS RECOMBINANTS NON-RECOMBINANTS RECOMBINANTS 

DOUBLY AFFECTED MALE c1] COLOR-BLIND MALE 

NORMALMALE GLUCOSE-6- PHOSPHATE ’ DEHYDROGENASE DEFICIENT 
MALE 

FIG. 12. THE GRANDFATHER METHOD for DETERMINING LINKAGE OF COMMON X-BORNE RECESSIVE TRAITS 
Males showing one trait are ascertained. Then all males in the sibship of said probands are tested for 

the second trait. The families of those sibships in which both traits are se regating are subjected to 
further study. Most mothers of such sibships will be double heterozygotes. (Tie  mothers are tested for 
both traits to exclude the relatively rare situation of a mother homozygous for one or the other gene or 
both.) The coupling phase in the doubly heterozygous mothers must be known and is determined by 
testing their fathers, the maternal grandfathers of the probands. The recombination fraction, X ,  is the 
proportion of males in the proband generation who are “recombinant individuals.” 
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FIG. 13. LINKAGE OF COLOR BLINDNESS AND GLUCOSE-~-PHOSPHATE DEHYDROGENASE DEFICIENCY 
Among 3,648 Negro school boys, color blindness was found in 134 (3.7%). All males (totalling 

236) in the sibship of 106 of the color blind probands were tested for glucose4-phosphate de- 
hydrogenase deficiency. In 10 sibships both traits were discovered. Of these the eight families 
diagrammed above could be studied. In six the deutan type and in two (c and f )  the protan type 
of color blindness was present. Only one definite instance of recombination was discovered (in 
family h). See Porter, Schulze, and McKusick, 1962. 
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ships are under study are relatively frequent in 
the population and recent new mutation is not 
likely to be encountered in any but a negligibly 
small proportion of the “doubly affected” fam- 
ilies, the Grandfather Method is applicable. I n  
a disease like hemophilia, which arises by recent 
new mutation in a considerable proportion of 
families, the Grandfather Method cannot be ap- 
plied without due consideration of this factor. 
Consider, for example, the family with hemo- 
philia B shown in Figure 17. A two-by-two ta- 
ble would suggest that the mother is in coupling 
with regard to hemophilia and Xg(a-t) and that 
five of 12 sons are recombinants. It is not much 
less likely, however, that the mother is in re- 
pulsion and that the other seven sons are in fact 
the recombinants. No other hemophilia had oc- 
curred in this rather numerous kindred and 
chances are that a new mutation for hemophilia 
occurred in the X chromosome of the egg or the 
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RECOMBINATION FRXTION Cx) 
b 

FIG. 14. THE MAXIMUM LIKELIHOOD ESTIMATES OF 
LINKAGE DERIVED FROM THE PEDIGREES SHOWN 

IN FIGURE 13, WITH THE ASSISTANCE OF 
THE DIGITAL COMPUTER 

a. The results for the six deutan families. b. Those 
for the two protan families shown in Figure 13. 

sperm which formed the mother. The  maternal 
grandfather was non-hemophilic. Even if he 
were available for testing, if he was Xg(a+) it 
would not be proper to conclude that the 
mother is in repulsion, because mutation has 
such a high probability. Of course, if the 
mother’s mother could by test be shown to be 
a hemophilia-carrier, the Grandfather Method 
would be applicable.) 

I n  practice greater efficiency is achieved if 
one uses data on the family in the larger sense 
(kindred) rather than merely the three genera- 
tions indicated in the diagram of the Grand- 
father Method (Fig. 12). The  data can be anal- 
yzed for linkage with the assistance of the digital 
computer, using a modification of the program 
written for autosomal linkage (Renwick and 
Schulze, 1961; Schulze, 1962). T h e  maximum 
likelihood method of Fisher (I921), as applied to 
linkage analysis by Smith (195.3), is used. The  
question asked is as follows: assuming various 
values of x, the recombination fraction, and 
given the combination of phenotypes and possi- 
ble genotypes found in the family under study, 
what is the likelihood of linkage? The  value of 
x yielding the highest probability is taken as 
the maximum likelihood estimate of linkage. 
T h e  role of the computer is to perform the tedi- 
ous, time-consuming, and painstaking task of 
solving a complex polynomial in x, to provide 
the values used in construction of graphs such 
as those in Figure 14. 

Other methods of linkage analysis have also 
been used, e.g., the statistics of Fisher (1935) 
as elaborated by Finney (1940), were applied to 
a problem of X-linkage by Adam and colleagues 
(1962). 

For linkage studies of rare X-linked condi- 
tions, the only marker available until recently 
has been color blindness. Accumulation of data 
has been hampered by its relative rarity. Dis- 
covery of the X-linked blood group Xg“ is 
fortunate for linkage studies. Since the fre- 
quency of Xg(a+) males is about .62 (4) the fre- 
quency of heterozygous females is about 0.50 (2 
pq = 2 X .62 X 3 8  = .47). Consequently, the 
likelihood of finding informative doubly hetero- 
zygous mothers is relatively high. Figure 15 
graphs the simple relationship between the fre- 
quency of affected males (or the gene frequency) 
and the frequency of heterozygous females. 

T h e  following X-linkage observati&zs, some 
of them unfortunately meager, have been made: 
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PROPORTION OF FEMALES 

HETEROZYGOUS I2P01 

PROPORTION OF WILES .AFFECTED. (0) 

FIG. 15. RELATIONSHIP BETWEEN FREQUENCY OF 
MALES AFFECTED BY X-LINKED TRAIT (Q) 

AND FREQUENCY OF HETEROZYGOUS 
FEMALES (2PQ) 

1. Deutan color blindness and hemophilia A. 
Whittaker, Copeland, and Graham (1962) find 
these linked with a recombination fraction of 
about 6 per cent. See also earlier estimate by 
Haldane and Smith (1947) made in 1947 before 
the two types of hemophilia were distinguished 
and using data in which the type of color blind- 
ness was often not specified. (See Fig. 16a.) 

2. Protan color blindness and hemophilia B. 
I n  one large kindred Whittaker, Copeland, and 
Graham (1962) found a recombination fraction 
of about 50 per cent. I n  Figure 16 is presented 
the family of Rath (1938) which, in view of the 
high proportion of recombinants, may have had 
hemophilia B. 

3. Hemophi l ia  A and X g  blood groups. I n  
three informative families O'Brien and his col- 
leagues (1962) found six apparent non-cross overs 
and four cross overs. 

4. Hemophilia B and X g  blood groups. I n  a 
very informative family (Fig. 17) we found five 
apparent cross overs out of 12. 

5. Color blindness and glucose-6-phosphate 
dehydrogenase. These are closely linked with a 
recombination fraction of about 5 per cent in  
both African (Porter, Schulze, and McKusick, 
1962) and Mediterranean peoples (Adam, 196 1 ; 
Siniscalco, et al., 1960, 1961) and probably for 
both the protan and the deutan types. (See Ap- 
pendix, No. A4, and Figs. 13 and 14). Conclud- 
ing that the protan and deutan loci may be 
rather far apart (see item 13 below), and recog- 
nizing the rather close linkage of both loci to the 
G6PD locus, Kalmus (1 962) suggested that the 
G6PD locus may lie between the two color blind- 
ness loci. 

6. Glucose-6-phosphate dehydrogenase defi- 
ciency and X g  blood groups. I n  Israel, Adam 
and colleagues (1962) studied 11 informative 
families with 51 children of doubly heterozy- 

Doubly affected male 

E Color blind male 

y Hemophilic male 

u Normal male 

Rath (1938) 
b 

HEMOPHILIA; SOME OF THE REPORTED 
 PEDIGREE^ 

The large proportion of recombinations in the 
family of Rath (1938) suggests that the variety of 
hemophilia was Christmas disease which is more 
loosely linked with color blindness than classic 
hemophilia (Whittaker, Copeland, and Graham, 
1962). For other edigrees, see Franpis, et al. (1956), 
Jaeger (1952), anfhlurakami, et al. (1951). 

FIG. 16. LINKAGE OF COLOR BLINDNESS AND 
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FIG. 17. LINKAGE OF XG AND HEMOPHILIA B 
A very informative family (a) shows five probable 

cross overs out of 12 possibilities. In addition to the 
12 boys the sibshi contains two girls, one Xg(a+) 
and one Xg(a-). Tge mother is probably in coupling; 
her father is deceased. Even if the maternal grand- 
father were available for testing, the information 
would not in this instance settle the matter of 
whether the mother is in coupling or repulsion, in- 
asmuch as she appears to be a new mutation for 
hemophilia. No hemophilia is known in this kindred 
other than in her sons. She had four brothers, all non- 
hemophilic, and the father, who died at age 70 years, 
was non-hemophilic. The 2 x 2 table @) is a simple 
way to arrive at a guess as to the cou ling phase of 
the mother. The comment of Whittafer, Copeland, 
and Graham (1962) that Xg and hemophilia B may 
be closely linked is in error. (Personal observations, 
with blood groups courtesy of R. R. Race and Ruth 
Sanger, London, and classification of hemophilia by 
Dr. Dudley P. Jackson, Baltimore.) 

gous women. T h e  recombination fraction was 
estimated a t  25.3%. T h e  lowest likely level of 
recombination was estimated at  18.6%; only one 
in 20 samples of families of the same size would 
be expected to give a recombination fraction 
lower than this value. 

7. Deutan color blindness and stationary 
night blindness. These are very loosely linked 
with a recombination fraction of essentially 
50 per cent (White, 1940). 

8. Color blindness (type unspecified) and 
retinitis pigmentosa. A recombination fraction 

of 21 per cent (with wide confidence limits) was 
estimated by Falls and Cotterman (1948). 

9. Color blindness ( type unspecified) and con- 
genital nystagmus. T h e  recombination fraction 
was estimated at  0.213 r+ 0.196 (Norton, 1949; 
Rucker, 1949). 

10. Color blindness ( type unspecified) and Du-  
chenne-type muscular dystrophy. Two of eight 
persons showed recombination (Philip, 1955; 
Philip and Walton, 1946). Extension of the 
pedigree permitted an  estimate of recombina- 
tion of 0.25 * . I1  (Walton, 1957). (See also pedi- 
gree of Frezal, et al. (1957).) 

11. X g  blood groups and Duchenne  muscular 
dystrophy. I n  seven informative families, studied 
by Clark and his colleagues (1962), 14 of 21 sons 
were apparent non-cross overs and seven cross 
overs. 

12. X g  blood groups and spastic paraplegia. 
In  the large kindred reported by Johnston and 
McKusick (1962), two doubly heterozygous fe- 
males, both in coupling, were found. Each had 
one son; one of the two was a recombinant (un- 
published observations). 

13. Protan color blindness and deutan  color 
blindness. Vanderdonck and Verriest (1960) 
found two recombinants out of five male progeny 
(Fig. 18a). If the postulated separate loci for 
the two main types of dyschromatopsia are as far 
apart as this experience might suggest, then the 
value of linkage studies in which the type of 
color blindness is not specified is doubtful. T h e  
experience in previously reported pedigrees 
(Fig. 18b) in which both types of color blindness 
are segregating but no recombination observed 
might suggest that the two loci are very closely 
linked. Renwick (1961) estimated that one 
could conclude with 95% confidence that the 
two loci are not more than 12 units apart. In- 
deed in the earlier studies the one locus hy- 
pothesis was not completely excluded. However, 
since doubly heterozygous women (only about 
one in 250) with at  least three sons, one deutan, 
one protan and 'one normal, are required, it is 
not surprising (Kalmus, 1962) that families such 
as that of Vanderdonck and Verriest have not 
been previously described. 

Henceforth,  any X-linkage study using color 
blindness as a marker trait, must,  for full value, 
determine the type of color blindness. 

14. X g  blood groups and color blindness. 
Jackson, Symon, and Mann (1962) haJe reported 
nine non-cross overs and five cross overs for the 



ON T H E  X CHROMOSOME OF MAN 97 

protan type, 20 non-cross overs and 10 cross overs 
for the deutan type. 

15. Ocular albinism and protan color blind- 
ness. Probably three recombinants out of eight 
possibilities (Waardenburg and van den Bosch, 
1956). (See Fig. 19.) 

XI 4: 
N 

7 

a 

I11 

b 

OF COLOR BLINDNESS 
a. The pedigree from Vanderdonck and Verriest 

(1960) suggests that the loci are rather far apart. N 
= normal color vision; D = deuteranopia; PA = 
protanomaly; ? = unknown. Color blindness was 
expertly determined and typed. Nuclear sex agreed 
with apparent sex. The authors suggested that one 
of the mother’s X chromosomes carries a protan 
gene and the other a deutan gene. The two normal 
sons were considered recombinants. It may not be 
surprising that pedigrees of this type have not been 
found even if the two loci are in fact far apart. 
Doubly heteroz gous women are rather rare (about 
one in 250) anJcan be detected only through their 
sons. Furthermore, there must be at least one protan 
son and at least one deutan son for detection of the 
doubly heterozygous mother and at least a third son 
to demonstrate recombination (Kalmus, 1962). b. 
Any findings shown here are equally consistent with 
two closely linked loci or with allelism of the deutan 
and protan series. If allelic, one must assume that 
the DP female can have normal colorvision. D = 
deuteranopia; P = protanopia: DA = deuteranom- 
aly; EDA = extreme deuteranomaly; PA = prota- 
nomaly; EPA = extreme protanomaly. 

FIG. 18. LINKAGE OF DEUTAN AND PROTAN TYPES 
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FIG. 19. LINKAGE OF COLOR BLINDNESS AND 

OCULAR ALBINISM 
Two alternative interpretations, both requiring 

three cross overs, and schematized (a, b). From Waar- 
denburg and van den Bosch (1956). 

16. Linkage with traits which are certainly 
sex-linked, such as color blindness, provides a 
method for differentiating X-linked recessive 
from sex-limited autosomal dominant inheri- 
tance (p. 81). Color blindness and the syndrome 
of testicular feminization may show independ- 
ent  segregation; in  the two families of Stewart 
(1959) one recombinant out of five occurred, a 
finding which neither proves nor excludes X- 
linkage. Southern and Saito (1961) described two 
cases who also had deutan type color blindness. 
(No other data on color blindness in  the family 
were given.) (See Fig. 20a.) 

17. Hemophi l ia  A and the syndrome of tes- 
ticular feminization may also show independent 
segregation (Nilsson, e t  al., 1959). (See Fig. 20b.) 

18. T h e  Xg locus and the syndrovle of testic- 
ular feminization. We have recently studied a 
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FIG. 20. LINKAGES OF COLOR BLINDNESS AND THE TESTICULAR FEMINIZATION SYNDROME; 

FEMINIZATION SYNDROME AND AUTOSOMAL MARKERS 
a. The findings are consistent with independent segregation. Knowledge of the coupling 

phase of the mother from information as to whether her father was color-blind would increase 
the information provided by these two families, but only if her mother was a certain carrier of 
the gene for testicular feminization. From Stewart (1959). b. The findings are consistent with 
independent segregation. However, if the testicular feminization mutation occurred in the ovum, 
which produced the doubly affected individual, the pedigree is uninformative from the linka e 
point of view. Said mutation may have occurred earlier, in light of the large number of “E- 
males,” four of them without offspring, in the third generation shown. From Nilsson, et al. 
(1959). c. The findings are consistent with independent segregation. The three affected persons 
indicated here are pictured in Figure 40a. Three other affected ‘persons are known in this 
kindred-the offspring of daughters of a sister of the mother in the pedigree as shown here. 
(Personal observations through courtesy of Drs. Howard W. Jones and Lawson Wilkins, with 
blood groups determined by R. R. Race and R. Sanger, London.) d. In the family shown in 
Figure 20c no close linkage could be demonstrated with the autosomal markers, the ABO, MNS, 
P, rhesus, Duffy, and Kidd systems. 

HEMOPHILIA AND THE TESTICULAR FEMINIZATION SYNDROME: XG BLOOD TYPE 
AND THE TESTICULAR FEMINIZATION SYNDROME; AND OF THE TESTICULAR 
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FIG. 20d 

family in which there is one cross-over out of 
four (Fig. 2Oc). T h e  accumulation of linkage 
information with three other loci suggests that 
the testicular feminization locus may be auto- 
somal, although no autosomal linkage with the 
markers available has been demonstrated (Fig. 
20d). No definite statement is possible, how- 
ever, since the markers used may all be on the 
short arm (p. 125) and the long arm remains as 
a possible site for the feminization locus. 

19. Kallman, Schonfeld, and Barrera (1944) 
reported three families in  which both color 
b lin d n  ess and the hypogonadism -anosmia sy n- 
drome (Kallmann’s syndrome) were segregating. 
T h e  two traits were apparently in  repulsion in 
one family (A) and in coupling in one (B); the 
third family (C)  is uninformative from the 

point-of-view of linkage. No definite (or neces- 
sary) instance of recombination was observed in 
any (Fig. 21). All three families were of Russian, 
probably Russian Jewish, extraction. Color 
blindness has not been described in other re- 
ported families with Kallmann’s syndrome. 

20. Linkage was invoked by Lynch and his 
colleagues (1960) as an explanation of the as- 
sociation through four generations (three after 
the original progenitors) of male hypogonadism 
and ichthyosis. If indeed this is an example of 
linkage between the X-borne ichthyosis locus 
and an X-borne locus determining male hypo- 
gonadism, then the linkage is probably close 
(95% confidence limit less than 20 map units). 
I n  the catalog ichthyosis-hypogonadigm is listed 
(No. B5) as a mutation separate from ichthyosis 
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I 

8 Doubly heterozygour female in repulsion 

Homozygour color-blind female, 
heterozygous for Kallmann ryndrome 

d Color-blind male, female 

Male with eunochoidirm, anormia and 
mental deficiency 

FIG. 21. LINKAGE OF COLOR BLINDNESS AND 
KALLMANN SYNDROME 

Pedigree C is uninformative from the standpoint 
of linkage. The other two are consistent with close 
linkage. (After Kallmann, et al. (1944).) 

(No. A24) because linkage can only be sug- 
gested. Pleiotropism, that is, polyphenic ex- 
pression of a single gene, is more often the basis 
of such syndromal association of traits. 

21. Graham and colleagues (1962) have stud- 
ied the five sons of a female triply heterozygous 
(for protan color blindness, Xg blood group and 
hemophilia B). T h e  order of the genes appears 
to be cb-Xg-hem B or Xg-cb-hem B. What- 
ever the order and whatever the configuration 
of the three loci on the X chromosomes of the 
mother, a t  least one double cross over is required 
to explain the findings in the sons. T h e  findings 
suggest that the three loci may span as much as 
100 map units of the X chromosome. 

Other comments. Linkage studies involving 
X-linked traits provide an  indirect test of non- 
allelism. One will not often enough encounter 
two rare conditions such as hemophilia A and 

hemophilia B in the same kindred so that a 
direct test of allelism can be applied. An in- 
direct test, by separately determining the link- 
age of the two traits with color blindness, sug- 
gests nonallelism of hemophilias A and B 
(Whittaker, Copeland, and Graham, 1962). (See 
above.) T h e  evidence is not completely con- 
clusive, however, because in the one large 
kindred with hemophilia A the type of color 
blindness was deutan whereas in the kindred 
with hemophilia B it was protan. These two 
types of color blindness may be determined by 
genes a t  loci fairly widely separated (Kalmus, 
1962) and part or even all the differences in link- 
age found by Whittaker, Copeland, and Graham 
(1962) may be on this basis. 

Note that linkage studies in man, because of 
their relative crudity, can prove nonallelism but 
not allelism. Boyer, Porter, and Weilbacher 
(1962) point out that to date all cases of the 
Negro type of G6PD-deficiency (in both the 
American Negro and the native African) have 
had the anomalous fast (or A) electrophoretic 
type. Logically the finding is equally consistent 
with close linkage of two genes or allelism in 
the form of a double mutation in the functional 
genetic unit, although the latter possibility is 
perhaps more plausible. I n  human genetics, and 
the hemoglobin variants specifically, chemical 
studies have been resorted to for indirect evi- 
dence on the question of allelism versus link- 
age. T h e  same may be possible in the case just 
discussed. 

The  linkage test might answer some of the 
questions about allelism raised on p. 88). 

T h e  closer two loci are situated on the same 
chromosome, the longer the time in generations 
required for crossing over to result in equal 
frequency of coupling and repulsion heterozy- 
gotes, the equilibrium state. For autosomal link- 
age, the problem was treated by Jennings (1917) 
and Kobbins (1918) and more recently by Li 
(1955) and Falconer (1960). Since for the X 
chromosomes crossing over occurs only in the 
female, appreciably longer is required for equi- 
librium to be attained. For example, if a dis- 
tance of 10 map units separates two loci on an 
autosome, then about 29 generations are re- 
quired to reduce the departure from equilib- 
rium from 1.0 (the maximum value) to 0.05. 
For two X-linked loci separated by the same 
distance about 43 generations are required. A 
formal treatment of the approach to equilib- 
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rium with X-linked loci as compared to auto- 
somal loci will be presented elsewhere. In  Israel 
when Jewish sub-populations in which there 
are a high frequency of G6PD-deficiency and a 
relatively low frequency of color blindness mix 
with other Jewish sub-populations which have 
virtually no G6PD-deficiency but a much higher 
frequency of color blindness, a negative associa- 
tion between the two traits can be expected for 
many generations, since the linkage of the two 
traits appears to be a close one (Adam, 1961). In  
fact, such a negative association has been found; 
most families with both traits have shown repul- 
sion phase (Adam, 1961) in doubly heterozygous 
females. I n  Sardinia (Siniscalco, et al., 1961) the 
situation is exactly the reverse; the two traits 
have been observed usually in coupling phase. 

Possibly linkage is an explanation for the oc- 
currence of mental deficiency and microphthal- 
mia together (see No. A44) in some families and 
separately in others (No. A31). Mental deficiency 
is also a striking feature of the Borjeson syn- 
drome (No. A32). One might wonder whether 
linkage is responsible for the occurrence of my- 
opia in association with night blindness (No. 
A51) and in association with external ophthal- 
moplegia (No. A43). Linkage seems unlikely, 
however, because to my knowledge myopia, ex- 
ternal ophthalmoplegia and night blindness have 
not occurred independently as isolated X-linked 
traits. Pleiotropism is a much more likely basis 
for these two syndromes with myopia as a compo- 
nent. 

A positive correlation between the past prev- 
alence of malaria and the present prevalence of 
GGPD-deficiency has been demonstrated in Sar- 
dinia (Siniscalco, et  al., 1961). Furthermore, Sini- 
scalco and his colleagues (1961) write that “the 
incidence of colour-blindness itself is positively 
correlated with the past incidence of malaria 
and therefore with the frequency of the enzyme 
deficiency. T h e  situation is interpreted as an 
example of the selection of a neutral gene 
through the close linkage with a highly adap- 
tive one.” Although this is an intriguing sug- 
gestion, other interpretations of the data are 
possible. 

At this writing, active work is in progress ex- 
ploiting the advantage to linkage studies of the 
newly discovered X-linked blood group system. 
In  the next year or two a fairly detailed genetic 
map of the X chromosome may become available. 
More X-linked marker traits are needed, how- 

ever, since the X chromosome is relatively long. 
T h e  correlation of cytogenetic information (p. 
125), such as, that which at present suggests that 
the color-vision locus is on the short arm and may 
be rather far removed from the kinetochore, will 
provide physical basis for the genetic map. 

CYTOGENETIC DATA ON THE CONSTITUTION OF 

THE X CHROMOSOMES OF MAN 

T h e  mitot ic  X chromosome (Harnden, 1961a; 
Robinson, 1960; Hamerton, 1961) is medium- 
sized, with submedian kinetochore (Fig. 22). It is 
the sixth or seventh longest chromosome and falls 
in the Denver Group I11 with autosomes 6-12. 
(Levan and Hsu (1959), Ferguson-Smith (1961a) 
and others place the sixth chromosome pair in 
Group I1 with the fourth and fifth pairs, as 
shown in Figure 22.) T h e  sex chromosome con- 
stitution in a given individual can be deter- 
mined from the number of chromosomes in 
Groups I11 and VII. I n  males there is one fewer 
in Group I11 (fifteen by the Denver system) and 
one more (five) in Group VI1 (chromosomes 21 

xx l 8  Xr 1 w  
. ”  

Courtesy of M. A. Ferguson-Smith 
FIG. 22. KARYOTYPE OF NORMAL MALE AND 

NORMAL FEMALE 
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and 22 plus the Y) .  T h e  ratio of long arm to 
short arm for the X chromosome has been 
found to fall in the range of 1.6 to 2.8. T h e  
mean X chromosome centromere index (per 
cent of total length represented by the short arm) 
has fallen in the range of 32 to 38 in the meas- 
urements of various workers. T h e  X chromo- 
some is found to represent between 5.1 and 5.9 
per cent of the total length of a haploid set 
containing an X (22A + X). (The above figures 
are from the compilation by Harnden (19Gla).) 
T h e  normal female with two X chromosomes 
has about 4 per cent more chromosomal ma- 
terial than the male with one X chromosome 
and a Y. 

Sandberg and colleagues (1960) found that in 
cells cultured from the bone marrow the hu- 
man X chromosome tends to be heteropycnotic 
and allocyclic, features useful in its identifica- 
tion. Morishima, Grumbach, and Taylor (1962) 
and German (1962a, b) showed that one chro- 
mosome of the normal female, an  X, undergoes 
late replication, as indicated by studies using 
tritium-labelled thymidine (Lima-de-Faria, 
1959). In  general, however, the X chromosome 
is specifically identified with difficulty, especially 
in the female, and is hard to distinguish from 
chromosomes 6 and 7 (Patau, 1960). A large part 
of the difficulty is probably the factor pointed 
out by Boyes (1961). T h e  length of the chromo- 
somes is influenced by colchicine, heat, fixatives, 
and other features of the preparatory process. 
Boyes has shown that as a function of its 
heterochromatic property the X chromosome 
varies less with such preparatory procedures 
than does the rest of the complement, so that 
its relative length is inversely proportional to 
the total complement length. For example, in 
the housefly Boyes found the X chromosome to 
represent about 15 per cent of long comple- 
ments and about 20 per cent of short comple- 
ments. Furthermore, if there is a difference in 
the heterochromaticity of the two arms of the 
X chromosome the arm ratio may vary according 
to the total complement length. In  the female 
there is even the possibility that one X chromo- 
some will behave differently from its homolog 
in relation to preparatory procedures. Boyes 
made a plea for the inclusion of data on total 
complement length in any report of karyotyping 
studies which purport to be quantitative. 

Muldal and Ockey (1961) suggest .@at chromo- 
some 6, an autosome, can often be positively 

identified by the presence of a narrow secondary 
constriction in  the short arm. Moreover, in 
their experience one X chromosome in both 
the male and the female often can be seen to 
have a large pale gap in its long arm immedi- 
ately adjacent to the kinetochore (centromere). 
They found that in males the unpaired chromo- 
some of group I11 (the X) was the most variable, 
a finding possibly supporting Boyes’ suspicions 
(see above). Ferguson-Smith (1962) also is of 
the opinion that the X chromosome can usually 
be distinguished from both 6 and 7, by the 
secondary constriction in 6 and the smaller size 
of 7. 

I n  practice, especially in the analysis of cases 
of sex anomalies, determination at  least of the 
number of X chromosomes has been assisted by 
the number of Barr bodies in the buccal smear. 
Failure to make use of this approach or to in- 
terpret properly the results led several groups 
of workers (De Carli, et al., 1960; Fraccaro, 
Kaijser, and Lindsten, 1960a, b; Sandberg, Cross- 
white, and Gordy, 1960) to report as trisomy of 
one of the large autosomes cases which, in the 
opinion of most (Ferguson-Smith, 1961a; Jacobs, 
et al., 1960a), represented in fact instances of 
X-polysomy. 

Is  there chiasma formation by the X and Y 
chromosomes to  suggest homologous segments? 
I n  man and in other mammals the X and Y 
chromosomes form a unique type of meiotic 
bivalent. T h e  short arm of the Y is attached 
to the tip of the short arm of the X (Fig. 23A). 
In  man such was illustrated clearly in 1932 by 
Shiwago and Andres (1932) and has been further 
studied by Ford and Hamerton (1956), Kodani 
(1957), Ohno and colleagues (1957a, 1959c) and 
Ferguson-Smith (1961 b) among others. Further- 
more, early separation of the X and Y chromo- 
some has been demonstrated (Fig. 23b). On 
this basis it is clear, therefore, that partial, or 
incomplete, sex linkage is unlikely. If it occurs 
at all (the very fact of synapsis, even terminal, 
of the X and Y may indicate limited homology), 
it would be expected to apply to few traits. 
Matthey (1951, 1957) surveyed the possible cyto- 
logic basis for partial sex linkage in all mammals 
and concluded there is none. H e  made a caustic 
comment: “It would be desirable if geneticists 
would have more confidence in the results of 
pure cytologists rather than in the work of cyto- 
geneticists who wish to find an explwation for 
every genetic hypothesis.” 
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I n  his discussion of the evolution of the sex 
chromosome, Swanson (1957) points out that 
the accumulation of differential sex-determining 
factors in the X and in the Y has been ac- 
companied by guarantees of sexual isolation 
through restriction of crossing over between 
them. I t  seems logical to presume that sex-de- 
termining factors are scattered throughout the 
X chromosome and that the lack of crossing 
over between X and Y preserves the uniqueness 
of the sexes. Ohno and colleagues (1957a, 1957b) 
point out that precocious condensation of the 
sex pair during synaptic stages of meiosis in the 
heterogametic sex limits chiasma formation and 
therefore, genetic crossing over. 

Kodani (1957) and Stern (1959a) suggest 
that in the meiotic XY bivalent, three segments 
of the long arm of the X chromosome (desig- 
nated the right arm) can be identified by points 
of angulation. 

Role  of the X chromosome in  sex determina- 
t ion as indicated by sex anomalies.  T h e  female- 
determining properties of the X chromosome 
and the specific male-determining properties 
of the Y chromosome are indicated by the 
correlations of karyotype with sex phenotype in 
the XO Turner  syndrome (Fig. 24a, b), the 
XXY Klinefelter syndrome (Fig. 24c, d), and 
in more bizarre derangements (Fig. SO; Table 
6). With rare exceptions (which may be ex- 
ceptions only because of incomplete information 
o r  imperfect understanding of the cases), in- 
cluding especially true hermaphrodites with 2A 
+ XX karyotype (Ferguson-Smith, Johnston, 
and Weinberg, 1960; Harnden and Armstrong, 
1959; de Assis, et al., 1960; Hungerford, et al., 
1959; Sasaki and Makino, 1960), the presence of 
the Y chromosome is always associated with testes 
and conversely testes are not present in  the ab- 
sence of a Y chromosome. Herein man (and 
mouse) differ from Drosophila in which the 
Y chromosome is a “dud” in sex determination, 
although essential for male fertility. (Obviously 
the Y chromosome cannot be completely func- 
tionless in Drosophila; if it were it would be 
rather quickly lost in evolution.) T h e  mechanism 
of sex determination in man and the mouse is 
essentially identical to that in the plant Melan-  
drium in which the Y chromosome determines 
maleness regardless of how many X chromosomes 
are also present (Westergaard, 1948). 

T h e  female phenotype of the XO Turner  syn- 
drome indicates that the autosomes and/or  X 

chromosome contain female-determining fac- 
tors. I n  the classic experiments of lost (1947), 
removal of the testis (determined by the Y 
chromosome) in  the male fetus of the rabbit 
permitted expression of these female-determin- 
ing potentialities. T h e  Turner  syndrome seems 
to be an analogous situation. T o  what extent 
the autosomes determine femaleness is not clear. 
A nullo-X state would answer the question 
but is almost certainly inconsistent with life. 
T h a t  poly-X cases do not have enhanced fe- 
maleness can scarcely be used as evidence that 
female-determining factors are not concentrated 
in the X chromosome since the Lyon hypothesis 
(p. 117) would permit the view that at least 
partial inactivity of the extra X chromosomes 
obtains. For completely normal sexual develop- 

Y TiX 

a 

b 
FIG. 23. END-TO-END SYUhPSlS  OF x A N D  Y SEX CHRO- 
MOSOME BIVALENT AT FIRST MEIOTIC METAPHASE IN 

THE SEX CHROMOSOMEs AT FIRsr MEOITIC METAPHASE 
THE NORMAL MALE AND PRECOCIOUS DISJUNC~ION OF 

IN THE NORMAL MALE * 

a. One autosomal bivalent is not seen in this 
plate. Feulgen, X4000. b. Feulgen, ~4000. Courtesy 
of M. A. Ferguson-Smith. 
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FIG. 24. CHROMATIN-NEGATIVE TURNER SYNDROME 

a. Now 37 years old, M. H. (270068) demonstrates 
classic features of gonadal aplasia: short stature, low- 
set ears, characteristically hypoplastic jaw, web neck, 
shield-like chest with wide-set nipples, coarctation 
of the aorta (note scar of operation for resection of 
same), primary amenorrhea, infantile uterus, and 
“streak gonads.” This is the chromatin-negative 
Turner syndrome. b. Karyotype of patient with 
chromatin-negative Turner syndrome. c. J.V.D. 
(856375), an 18 year old Negro male, came to the hos- 
pital because of enlarged breasts. He also demon- 
strated underdevelopment of body hair and very 
small testes and prostate. He had never shaved. Li- 

C 

d 
AND CHROMATIN-POSITIVE KLINEFELTER SYNDROME 
bid0 was average. He had no difficulty in maintain- 
ing an erection and engaged in heterosexual relations 
about once monthly. The IQ was 76. The 24-hour 
urine excretion of 17-ketosteroids was reduced (9.92 
mg.). The testis at biopsy was little larger than a lima 
bean. Histologically the majority of the seminiferous 
tubules were completely atrophic and many were 
represented merely by shrunken, hyalinized “ghosts.” 
A few small tubules lined exclusively by Sertoli cells 
persisted among large masses of Leydig cells. No ger- 
minal cells were identified. This is the chromatin- 
positive Klinefelter syndrome. d. Karotype of patient 
with chromatin-positive Klinefelter syndrome. 
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TABLE 6 
Some abnormal sex chromosome patterns in man 

Chromosome 
Number 

45 
45, 46 
45, 47 

47 
48 
46 
46 
46 

45, 47 
46 

45, 46 

47 
47 

46, 47 
48 
48 

47, 48 
49 

46 

45, 46 
45,46, 47 

46+ 
46 

Sex Chromosome 
Constitution 

xo 
xo/xx 
xo/xxx 

xxx 
xxxx 
xx 

xx/xx 
xx/xx 
xo/xw 

xo/xx 
x x  

XXY 
XYY 

XXYY 
XXXY 

XX/XXY 

XXxY/XXY 
XXXXY 

xx 

XO/XY 

XX/XY 

xo/xx/xxx 
LX + fragmen 

Sex Chromatin 

- 

+ + ++ +++ + (large) + + (large) 

+ (small) + (small) 

+ 
+ + ++ 
+ +++ 

- 

- 

+ 
- 
+ + + 

Phenotype 

Turner syndrome 
Turner syndrome 
Turner syndrome 
Triple-X female 
Tetra-X female 
Turner syndrome 
Oligomenorrhea 
Turner syndrome 
Turner syndrome 
Turner syndrome 
Turner syndrome 

Klinefelter syndrome 
Normal male 
Klinefelter syndrome 
Klinefelter syndrome 
Triple X-Y Klinefelter 

Klinefelter syndrome 
Tetra X-Y Klinefelter 

svndrome 

syndrome 

True hermaphrodite 

True hermaphrodite 
True hermaphrodite 
True hermaphrodite 
True hermaphrodite 

Reference 

Ford et al. (1959) 
Sandberg et al. (1960) 
Jacobs et al. (1960) 
Jacobs et al. (1959) 
Carr, Barr (1961) 
Ferguson-Smith (1962) 
de Grouchy et al. (1961) 
Fraccaro et al. (1960) 
Cooper et al. (1962) 
Jacobs et al. (1961) 
de la Chapelle (1962) 

Jacobs et al. (1959) 
Hauschka et al. (1962) 
Ford et al. (1959) 
Muldal, Ockley (1960) 
Ferguson-Smith et al. (1960) 

Crawfurd (1961) 
Miller et al. (1961) 

Harnden, Armstrong (1959) 
Hungerford et al. (1959) 
de Assis et al. (1960) 
Hirschhorn et al. (1960) 
Ferguson-Smith et al. (1960) 
Ferguson-Smith et al. (1960) 
Waxman et al. (1962) 

ment in the human female, two X chromosomes 
are necessary. (However, the XO female mouse 
is fertile.) Three X chromosomes (Fig. 30a, b) 
are consistent with little derangement of female 
sexual development and function (Johnston, 
et al., 1961). 

(A different, so-called triheterosomic scheme 
of sex determination in mammals is suggested 
by Yerganian and his colleagues (1957; 1960), 
but it appears to have little to support it.) 

Most cases of chromatin-positive gonadal 
aplasia (the Turner  syndrome) show (Ferguson- 
Smith, 1962, personal communication, Glasgow) 
1) XX/XO or similar mosaicism, or 2) deletion 
of part of one X chromosome and a diminished 
size of the Barr body (Barr and Carr, 1960; 
Jacobs, et al., 1961), or 3) an “isochromosome” 
(Ferguson-Smith, 1962; Fraccaro, et al., 1960b; 
Jacobs, et al., 1960b, 1961; Lindsten, 1961) 

composed of the long arm of one X chromo- 
some in duplicate and an  enlarged Barr body 
(Fig. 28d, 29). An isochromosome is thought 
to result through the transverse rather than 
longitudinal cleavage of the centromere. T h e  
“isochromosome” observed in some cases of the 
Turner  syndrome could have a normal long 
arm and an abnormal arm made up of a dupli- 
cated short arm rather than being a true iso- 
chromosome of the long arm (Jacobs, et al., 
1960a). However, such is much less likely be- 
cause it would not fit well with observations of 
X chromosome deficiency in relation to most 
cases of the Turner  syndrome. I t  must be em- 
phasized, nonetheless, that positive identifica- 
tion of an isochromosome is possible only 
through the study of synaptic behavior. Lacking 
such proof, which will be difficult to obtain in 
cases of chromatin-positive Turner syndrome 
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suspected of having an isochromosome-X, one 
rnust keep prominently in mind the fact that 
the observed large chromosome is only as- 
sumed to be an isochromosome. 

How genes (including those of the X chromo- 
some) function in sex determination is almost 
totally unknown. Is the sex-determining genetic 
material on the X and Y chromosomes of the 
same nature as that which we conceive for other 
genes? If so, do mutations occur in it? Some sort 
of change must have taken place to account for 
the evolution of sex. Experience with the 
Turner  syndrome would suggest that sex-deter- 
mining genes are scattered throughout the X 
chromosome, a conclusion arrived at  also from 
study of Drosophila. T h e  comparison ol cases 
with deletion of the short arm with those with 
deletion of the long arm might suggest that the 
short arm may carry a larger number of, or 

“more important”, sex genes (de Grouchy, et al., 
1961; Jacobs et al., 1960a). Some progress in 
understanding the embryologic basis of sex de- 
termination has been made,. but nothing is 
known of the chemical means by which genes 
operate in sex determination. 

I n  the second and third types of chromatin- 
positive Turner’s syndrome mentioned on page 
105 (deletion of part of one X chromosome and 
“isochromosome” of the long arm of one X) 
bimodality in the size of the Barr bodies is not 
observed (Ferguson-Smith, 1962). One interpre- 
tation of these observations is the following: 

1) Loss of part or all of one X chromosome 
results, in the absence of a Y chromosome or of 
more than one other X chromosome, in the 
Turner syndrome. 

2) When one X chromosome is partially ab- 
sent then only the aberrant X chromosome dis- 
plays heterochromatic behavior and “inactiv- 
ity,” leaving the intact X chromosome active in 
each cell. Or  possibly selection at  the cellular 
level is a factor with loss of those cells in which 
the incomplete X chromosome is the active 
one. 

3) Probably it is loss of all or part of the 
short arm of the X chromosome which is critical 
to the development of the Turner  syndrome (Ja- 
cobs, et al., 1961). Patients with deletion of part 
of the long arm have primary amenorrhea or 
severe oligomenorrhea but have normal stature 
and none of the stigmata, such as webbed neck, 
of the Turner  syndrome (Jacobs, et  al., 1960b; 
de Grouchy, et  al., 1961). 

T h e  origins of X chromosome aneuploidy. 
Theoretically (Stewart, 1962) sex chromosome 
aneuploidy can result from non-disjunction in 
gametogenesis in either parent and at  either of 
the two stages of meiosis, with passage of two 
(or more) sex chromosomes or no sex chromo- 
some into the gametes (Fig. 26). Also chromo- 
some loss, from anaphase lagging, for example, 
can result in daughter cells without a sex chro- 
mosome. I n  addition, chromosome loss can oc- 

FIG. 25.  MALE TURNER Snwnonw 
D.H.B. (874339) had lymphedema of the extremi- 

ties at birth. The neck was short with redundant 
skin folds. There were bilateral epicanthal folds. 
The nipples were widely spaced as in the usual 

cur between fertilization and the first cleavage, 
and both non-disjunction and loss of part or 

Of One Or more chromosomes can Occur in 
the first or other early cleavage stages. 

Turner-syndrome. The toenails were hypoplastic 
Both testis were descended and grossly normal. His- 
tologically, also, they were iudged to be normal. The 

Bearing on the qu-estion of the mechanism of 
Origin Of the the 

chrgmosome complement in ;he bone marrow was 
46 (XU) and the patient was chromatin negative. No 
evidence of cardiovascular or renal malformation 
was found. 

chromosome of man are 1 )  the findings in 
studies of x chromosome marker-mits in the 
cases and their parents and other close relatives, 
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NON-DISANCTION IN d 

2) the relative frequency of the several types, 
3) the precise type of aneuploidy, 4) the rela- 
tive frequency of mosaicism, 5) parental age at 
conception of the aneuploid individual, 6) the 
diffsrences between spermatogenesis and oogene- 
sis in time-scale and in a number of other details, 
and 7) the occurrence of double aneuploidy in a 
frequency greater than expected and of various 
aneuploid states in more than one member of the 
same family. Parallel investigations in  the mouse 
are also pertinent. 

Before information on sex chromosome consti- 
tution was available, color blindness was used by 
Polani and colleagues (1956) to predict (or to 
strengthen previous suspicions of) the presence 
of only one X chromosome in cases of chro- 
matin-negative Turner  syndrome. Color blind- 
ness has also been used as a marker to identify 
in which parent the meiotic accident (e.g., non- 
disjunction) responsible for chromosome aber- 
rations occurred (Nowakowski and Lenz, 1961). 
I n  four cases of chromatin-negative Turner  syn- 
drome with color blindness the father had nor- 
mal color vision (Bishop, Lessof, and Polani, 
1960; Lennox, 1961; Lenz, 1957; Polani, et  al., 
1958; Polani and Hamerton, 1961; Walls, 1959), 
findings indicating that the anomalous event 
may have occurred in the father, who produced 
a sperm without a sex chromosome. An alterna- 
tive possibility is that the loss of the paternal X 
chromosome occurred between fertilization and 
first cleavage or a t  first cleavage. 

I n  populations with a high frequency of the 
gene for glucose-6-phosphate dehydrogenase 
deficiency this trait can be used for investigating 
the question of origin of the XO Turner  syn- 
drome. Gartler, Vullo, and Gandini (1962) ob- 
served GGDP-deficiency in an XO individual 
born from a mating of G6PD+/G6PDd X G6PD+/ 
Y ,  indicating that the one X chromosome of the 
offspring was derived from the mother (so-called 
XMO, matriclinous). (Welshons and Russell 
(1959) found an excess of XMO cases in the 
mouse.) We have recently identified three fur- 
ther cases of chromatin-negative Turner  syn- 
drome to be of the X'O type. I n  one, a Negro, 
this was accomplished by use of the X-linked 
electrophoretic variant of glucose-6-phosphate 
dehydrogenase (Boyer, Porter, and Weilbacher, 
1962). I n  the other two the X-linked blood 
group antigen (Xg") was used. No certain in- 
stance of XpO Turner  syndome has been identi- 
fied in man. However, since the Xg system is the 
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only one which can give conclusive evidence of 
XpO, since the critical parental mating is only 
one-eighth as frequent as that which demon- 
strates the XxO state (Table 8), and since meiotic 
non-disjunction even if equally frequent in the 
two sexes will much less often result in XpO than 
XMO (Table 7), the failure to discover an  instance 
of XpO does not necessarily indicate that it is less 
frequent than expected. 

We have very recently identified an  apparent 
case of XpO chromatin-negative Turner  syn- 
drome. T h e  mother is Xg(a-) and the patient is 
Xg(a+). T h e  father is dead. There is no evidence 
of mosaicism in the XO daughter. If the Lyon 
hypothesis (p. 117) is true, it is possible that oc- 
casional Xg(a-) females are genetically hetero- 
zygous. Proof of heterozygosity would be pro- 
vided by the demonstration of both Xg(a+) and 
Xg(a-) sons. I n  the sibship of the apparent XpO, 
there are no males in whom this possibility can 
be tested. Actually there is an  excess of Xg(a+) 

iY\ 111 I /x1x2\o 

7\ /"\ i l X l  go 
XY XY 0 0 I x,xz XIX2 
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FIG 26. THEORETICAL EXPECTATION CONCERNING 
NON-DISJUNCTION IN MEIOSIS AND FIRST CLEAVAGE 

ANOMALIES 
a. The cell division in which non-disjunction oc- 

curs is indicated by heavy lines. From L. B. Russell 
(1961). b. Lost chromosomes or chromatids are en- 
circled. In the case of non-disjunction, the possible 
groupings of one and three chromosomes, respec- 
tively, are indicated by divisions of the squares. 
Mosaic, mos.; hermaphrodites, combined. symbols for 
male and female. A wavy line separates the two 
genotypes in mosaics. From L. B. Russell (1961). 

EVENTS THAT CAN RESULT IN SEX-CHROMOSOME 
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females relative to the frequency of Xg(a+) in 
males (Mann, et al., 1962), rather than a defi- 
ciency as would occur if heterozygotes were often 

T h e  fact (p, 125) that several cases of chro- 
matin-positive Turner  syndrome with what is 

presumed to be an isochromosome Of the long 
arm Of One chromosome have been associated 
with color blindness, with normal color-vision in 

the normal X chromosome is maternal in origin 
and the anomalous one paternal. 

Unlike the Klinefelter syndrome (see below), 
parental age is not increased in the Turner  syn- 
drome (Boyer, Ferguson-Smith, and Grumbach, 
1961) and birth order is not different from the 
expected. Possibly this indicates that, unlike the 
Klinefelter syndrome, the XO Turner syndrome 
usually results, not from an accident bf gameto- 
genesis, but rather from 10s of a paternal sex 
chromosome before or during the first cleavage. 

%(a- > . 

both parents, suggests that in  this situation also 
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TABLE 8 
Deductions on origin of sex chromosome aneuploidy in man 

Father Conclusion 
Approx. frequency of 
p n t a l  mating in 

orthern Europeans 

-14 
.55 
- 
- 
.14 
.14 
.07 

* Occasional Xg(a-) female might be actually heterozygous, although no such case has been proved. 

In  the Klinefelter syndrome interpreting the 
results of color blindness studies in terms of 
origin of the aneuploid state is rather more com- 
plicated than in the Turner syndrome. I n  an 
initial survey, Polani and colleagues in London, 
Glasgow and Zurich (1958) found no color 
blindness in 55 patients with chromatin positive 
Klinefelter syndrome. However, Nowakowski, 
Lenz, and Parada (1959) found three instances 
of color blindness in 34 cases. I n  none of the 
three was the father color-blind. In one the 
mother was color-blind, so that non-disjunction 
of the two maternal X's seems a straight-forward 
explanation. I n  the other two instances it is 
necessary to assume (Nowakowski and Lenz, 
1961) one of two other accidents of maternal 
meiosis: 1) that homozygous X chromosomes re- 
sulted from equational non-disjunction (a com- 
bination of crossing-over and non-disjunction 
during oogenesis), as schematized in  Figure 27; 
or 2) that non-disjunction of two color blindness- 
bearing X chromosomes occurs in the second 
stage of meiosis. (On the basis of the first possi- 
bility which requires crossing over Stern (1959b) 
suggested that the locus for color blindness is 
rather far from the kinetochore. See p. 125.) 

Thus, in all instances of the Klinefelter syn- 
drome, in which analysis was possible, abnormal 
maternal gametogenesis can be incriminated. 
This finding correlates with the finding that 
the average age of mothers of Klinefelter off- 
spring is raised (Ferguson-Smith, 1961b; Lenz, 
1959). T h e  paternal age is probably also in- 

creased; the number of cases is not sufficient to 
permit separate analysis. 

A quite different explanation for the occur- 
rence of the XMXMY Klinefelter syndrome in- 
volves mis-segregation in an  XY zygote with for- 
mation of an XXY cell and a YO cell which dies 
(Russell, 1961). (See Fig. 26b.) T h e  high primary 
sex ratio (see p. 127) with an excess of male zy- 
gotes could, through this mechanism, contribute 
to the excess of XXY cases as compared to XO 
cases. 

If one assumes equal probability of non-dis- 

without nilh without with 
crossing oyer crossing oyer 

v V - i e -  
2nd M o ' I C  A A F V  _- _.___ -.. . . . _ _  . 

_ _  ___.___________ ~ ..__..__ 
A' A 

n@,ln-diS]unCllQn 10 thr I$ mmhr dlvlslsn normal IWIQS~S 

FIG. 27. THROUGH CROSSING OVER AND NON-DISJUNC- 
TION I N  THE FIRST MEOITIC DIVISION IT IS POSSIBLE 
FOR AN xx EGG HOMOZYGOUS FOR COLOR B L I N n N E S  

TO BE PRODUCED BY A HETEROZYGOUS MOTHER 
This is one explanation for the occurrence of 

color blindness in patients with the Klinefelter syn- 
drome whose parents both have normal color vision. 
(Another explanation involves simply non-disjunc- 
tion of a non-cross over, color blindnes's-bearing X 
chromosome in the second stage of meiosis in oo- 
genesis.) From Nowakowski and Lenz (1961). 
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junction in the two stages of meiosis and in the 
two sexes the relative frequencies of various 
forms of X chromosome aneuploidy would be as 
indicated in Table 7. Actual observed fre- 
quencies are quite different. Tentative estimates 
of the prevalence of XO chromatin-negative 
Turner  syndrome are 0.2 (Polani, 1960) and 0.3 
per 1000 females (Maclean, Harnden, and 
Brown, 1961). Recognized instances of chro- 
matin-positive Turner syndrome are about one- 
fourth or one-fifth as frequent. Based on sex- 
chromatin surveys of newborns, the prevalence 
of XXY males is more reliably estimated (Mac- 
lean, Harnden, and Brown, 1961) at  2.65 per 
1000 male births (95% confidence limits of 1.43 
and 3.87 per 1000). T h e  XXX double-sex-chro- 
matin female is rather frequent, about 0.8 per 
1000 female births, and more frequent than the 
XO Turner syndrome. (In mice the XO state 
appears to be considerably more frequent than 
the XXY state, the opposite of the situation in 
man.) 

The  relative proportions of various aneuploid 
states observed at birth is not a necessary indica- 
tion of the relative frequency in zygotes. Intra- 
uterine selection is intense (Hamerton, 196l), 
with loss of 15 per cent or more of all concep- 
tions. Differential selection is likely, further- 
more. For example, the XXY fetus may fare 
better than the XO fetus, since major congenital 
malformations are rarely associated with the 
Klinefelter syndrome but are frequent in the 
Turner syndrome. 

Also demonstrated by Table 7 is the fact that 
under the assumptions on which it is based one 
would expect XO cases of the X‘O type to be 
twice as frequent as those of the XpO type. As 
noted earlier, almost all instances capable of 
analysis in man have been of the X ” 0  type. 
T h e  expected frequencies of X”XpY and 
X”X”Y Klinefelter syndrome are about equal; 
however, all cases capable of analysis in man 
have been of the X’XMY. (In the mouse Russell 
and Chu (1961) identified an  X’XpY mouse, the 
first critical demonstration in  a mammal that 
non-disjunction can occur in the first meiotic 
division in  the male. I n  man, an  Xg(a+) case of 
XXY Klinefelter syndrome from a n  Xg(a+) 
father and an  Xg(a-) mother would provide 
the necessary evidence.) Evidence that the YO 
state is lethal before birth is available in the 
mouse. 

T h e  probability of detecting XpO and X”XpY 

cases is much less than that of detecting X‘O 
and X”X”Y cases, because of the relative fre- 
quencies of the informative matings. Using 
color blindness, all cb+/cb- x c v f / Y  or cv-/Y 
matings (about 15 per cent of all matings) may re- 
veal the XMO Turner  whereas no type of mating 
gives incontrovertible evidence of the XpO state 
(except possibly the rare cv-/cv- x cv+/Y mat- 
ing). In  the Klinefelter syndrome again using 
color blindness, the cv+/cv- x cv+/Y mating 
with a frequency of about 14 per cent can permit 
detection of the X”X‘Y case but no mating gives 
critical evidence on the XuXpY case. Using the 
Xg“ blood group the mating Xg(a+) female 
x Xg(a-) male (about 33%) can indicate the 
X’O and X”X”Y cases whereas the mating 
Xg(a-) female x Xg(a+) male (about 7%) is 
required for detection of XpO and X”XpY cases. 
See Table 8. 

In  the mouse, no instance of spontaneously 
occurring XpO state has been observed although 
a few examples were observed when female 
mice were irradiated between the time of sperm 
entry and the first cleavage (Russell, Russell, and 
Gower, 1959) and XpO mice have been observed 
from XO x XY matings (Russell, 196l), which 
are possible in  mice where the XO female is fer- 
tile. (Cattanach (1961b) may have observed the 
occurrence of an XpO female from XX and XY 
parents.) In  general, there was no spontaneous 
occurrence of a mouse either lacking the mater- 
nal X chromosome or with two materna1 X chro- 
mosomes. For example, the XMXMY state, fre- 
quent in  man, has not been observed in the 
mouse. 

Although non-disjunction can, in some in- 
stances, be localized to maternal or paternal 
gametogenesis, no critical information is yet 
available to permit further pinpointing of the 
accident to the first or second meiotic division. 
T h e  last type of family constellation listed in 
Table 8 would place non-disjunction in  the 
first stage of spermatogenesis, but no such case 
has yet been identified in man. 

In  the mouse evidence that many XO cases 
occur through loss of an X chromosome, usually 
that of paternal origin, between sperm entry 
and the first cleavage is provided by the fol- 
lowing observations: Multiple litter mates occa- 
sionally have the XO state, without XXX or 
XXY individuals represented (Russell, 1961). 
Irradiation of female mice during this stage 
results in an  increased frequency of XO off- 
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spring (Russell and Saylors, 1960). Ohno, Kap- 
Ian, and Kinosita (1959d) found no secondary 
meiotic spermatocytes without a sex chromo- 
some; 1460 cells were examined. Preferential 
loss of the paternal X chromosome is, as Russell 
(196lj indicates, probably not surprising since 
the male-contributed nuclear material (the male 
pronucleus) must undergo much more reorgani- 
zation in the process of fertilization. Russell 
and Saylors (1962) demonstrated that irradiation 
of mouse spermatozoa resulted in as many as 
1.2 per cent of female progeny being hemizygous 
for X-borne markers of the mother. However, 
the sperm is less sensitive to these effects than is 
the male pronucleus of the zygote. 

T h e  type of aneuploidy present is also a clue 
to the possible time of occurrence of the non- 
disjunctional accident. For example, cases of 
XXX/XO mosaicism (Jacobs, et  al., 1959b) and 
of XO/XYY mosaicism (Cooper, et al., 1962) 
are most readily explained by non-disjunction 
at  the first cleavage in a female and a male 
zygote, respectively. Similarly, the XXXXY 
state (Miller, et al., 1961) may be accounted for 
most easily on the basis of nondisjunction at  suc- 
cessive meiotic divisions in oogenesis. T h e  XYY 
state (Hauschka, et al., 1962) may arise through 
non-disjunction a t  the second meiotic division of 
spermatogenesis. Such conclusions are, of course, 
only unproved inferences. 

A variety of mosaic states have been dis- 
covered as indicated in Table 6. Jacobs and her 
colleagues (1961) concluded that as many as 
30 per cent of women with gonadal dysgenesis 
have some form of X chromosome mosaicism. 
These findings suggest that_some of the non- 
mosaic aneuploid states &ty‘al.so be the result of 
chromosomal loss in t& early stages of de- 
velopment, even before the first cleavage. 
Harnden and Jacobs (1961) suggested that 
deletion of part of one X chromosome and 
other morphologic abnormalities probably oc- 
cur only as an  accident of gametogenesis. How- 
ever, de Grouchy and colleagues (1961) have 
described a case of XO/Xx mosaicism indicat- 
ing the possibility that such accidents can also 
occur in early cleavage stages. Alternatively, 
the anomalous X chromosome may have been 
lost in some cells of the developing embryo, the 
primary accident having occurred in  gameto- 
genesis. T h e  latter possibility exists for some 
of the other mosaic states as well. 

T h e  XYY/XO case of Cooper and his col- 

leagues (1962) is particularly instructive. Clini- 
cally many of the features were quite typical of 
the chromatin-negative Turner syndrome. All 
cells cultured from the peripheral blood had 47 
chromosomes and an XYY sex chromosome 
constitution. Almost all cells cultured from the 
skin had 45 chromosomes and an XO sex chro- 
mosome constitution. Anaphase lag with re- 
tention of both Y chromosomes in one daughter 
cell probably occurred in an early mitotic 
division, perhaps the first. Presumably the 
gonadal tissues were derived exclusively or 
principally from the XO cell line. 

Gartler, Waxman, and Giblett (1962) pre- 
sented evidence for yet another mechanism of 
mosaicism of all chromosomes including the sex 
chromosomes, namely double fertilization. An 
XX/XY true hermaphrodite had heterochromia 
iridis and blood groups indicating that both 
alleles of the father were contributed to the pro- 
band in the case of at least two systems, MNS 
and rhesus. 

T h e  origin of even more complex sex chromo- 
some aneuploidy, eg., the triple X-Y syndrome 
(Ferguson-Smi th, Johnston, and Handmaker, 
1960), tetra X syndrome (Barr and Carr, 1960; 
Carr and Barr, 1961), tetra X-Y syndrome (Frac- 
caro, Kaijser, and Lindsten, 1960), and XXYY 
syndrome (Carr, Barr, and Plunkett, 1961; Ellis, 
et al., 1961; Motulsky, 1962, personal communi- 
cation, Seattle), is more uncertain. Meiotic non- 
disjunction in both parents is a possible expla- 
nation, for the triple X-Y syndrome, for example. 
However, more likely in these other complex 
anomalies are repeated abnormalities of X chro- 
mosome replication and segregation in one par- 
ent and/or the early zygote (“successive non- 
disjunction”). Breakey (1961) observed color 
blindness in an  XXXY male. Since the mother 
showed “slight defects with the Ishihara charts” 
whereas the father and six sibs had normal color 
vision, he postulated double non-disjunction in 
oogenesis. 

In the human female (and in many other fe- 
male mammals), germ-cell multiplication is in- 
tense during the latter half of intra-uterine de- 
velopment. By the time of birth the oogonia 
have already differentiated into primary oocytes 
in which the nuclei are in the initial stage of 
prophase of the first meiotic division, the unique 
dictyate stage or dictyotene which may persist 
for as long as 50 years (Ohno, Klinger, and At- 



112 THE QUARTERLY REVIEW OF BIOLOGY 

kins, 1962). T h e  female infant possesses the full 
stock of oocytes which must last for her entire 
reproductive life (Parkes, 1956; Pinkerton, e t  al., 
1961). Inventories of this stock in man have ar- 
rived at estimates of about 750,000 (Block, 1953). 
However, a large proportion of these degenerate 
at  various stages of oogenesis and at  various times 
in the life of the female. (See the detailed discus- 
sion by Austin, 1961.) 

The  oocyte nucleus normally contains a tetra- 
ploid amount of DNA throughout the prolonged 
dictyotene (Van der Kerckhove, 1959). T h e  two 

X chromosomes are isopycnotic throughout 
oogenesis (Ohno, Kaplan, and Kinosita, 1960) 
and both cytologic and genetic evidence indi- 
cates free crossing-over between them. 

T h e  first meiotic division is not completed 
until about the time of ovulation. T h e  second 
meiotic division proceeds after the entry of 
sperm into the egg. When the chromosome 
groups in the male and female pronuclei come 
together, fertilization is considered complete and 
the cell is called a zygote. T h e  process of fertili- 
zation takes place usually in the ampulla of the 

FIG. 28. BARR BODIES (“SEX CHROMATIN”) 
a. Normal male. b. Normal female. c. Double sex chromatin of XXXY and XXX individuals 

(see Fig. 30). d. Large Barr body in patient with presumed isochromosome of long arm of X+ee 
Fig. 29). Courtesy of M. A. Ferguson-Smith. 
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Fallopian tube. Implantation of the early human 
embryo occurs at  six to seven days. 

Spermatogenesis (Roosen-Runge, 1962) differs 
from oogenesis in the following respects, among 
otheys: 1) T h e  production of sperm is extraor- 
dinarily profligate and the total number pro- 
duced in the life-time of the male is astronomical. 
Proliferation of spermatogonia continues from 
puberty throughout the life of the male and is 
not confined to the fetal period as in the female. 
2) Four spermatids are produced from each sper- 
matogonium rather than one; no polar bodies 
are produced. 3) T h e  time for the complete proc- 
ess of spermatogenesis is of the order of 64 days 
rather than 12-50 years as in oogenesis. 4) T h e  
X and Y chromosomes are positively heteropyc- 
notic in the spermatocytes-a mechanism which 
probably evolved to ensure isolation of the male- 
and the female-determining chromosomes. 

T h e  pertinence of these differences between 
spermatogenesis and oogenesis is to the origin 
of sex chromosome (and other) aneuploidy in 
man must be considerable although the details 
are, for the most part, still unknown. 

T h e  relatively frequent occurrence of “dou- 
ble trisomy” suggests that rather specific factors 
are responsible for aneuploidy rather than ran- 
dom accidents of gametogenesis. A historic case 
reported by Ford, Jones, Miller, et al. (1959) 
had both the XXY Klinefelter syndrome and the 
trisomy-2 1 Down’s syndrome. This combination 
has been the type of double trisomy most often 
found (Harnden, Miller, and Penrose, 1960; 
Lehmann and Forssman, 1960; Lanman, et al., 
1960; Hamerton, Jagiello, and Kirman, 1962). 
Although its frequency cannot be stated pre- 
cisely, i t  would appear to be considerably more 
frequent than the product of the individual 
frequencies. Uchida and her colleagues (Uchida 
and Bowman, 1961; Uchida, et al., 1962) have 
described a case combining trisomy-1 8 and the 
triple-X syndrome. (Some might prefer to call 
the first example “double aneuploidy” not con- 
sidering XXY a trisomy strictly speaking.) 

The  concentration in families (Hauschka, et 
al., 1962; Miller, et al., 1961; Therman, et al., 
1961) of aneuploid conditions involving the 
sex chromosomes and other chromosomes is 
further evidence of the non-random nature of 
these chromosomal aberrations. I n  this depart- 
ment Johnston (1960, unpublished observations) 

a 

, 

b 
FIG. 29. CHROMATIN-POSITIVE TURNER SYNDROME, 

“ISOCHROMOSOME”-TYPE 
a. The patient (847338), 17 year old, was 52 inches 

tall, had no secondary sex characteristics, and had 
spinal curvature and multiple pigmented moles, but 
no webbing of the neck. She had been on estrogen at 
the time of this photograpu. Buccal smear was chro- 
matin-positive with large Barr bodies (Fig. 28d). The 
karyotype showed 46 chromosomes. On pairing of 
the chromosome (b) one normal X was thought to 
be present and in addition a large chromosome 
matching the third pair of autosomes in length and 
arm ratio. This was considered to be an isochromo- 
some of the long arm of the X chromodome. Cour- 
tesy of M. A. Ferguson-Smith (1962). 
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a C 

I. If 

b 
FIG. 30. DISORDERS ASSOCIATED 

a. Triple X syndrome. G.H. (946661) born in 1921, 
was institutionalized in 1936. She menstruates regu- 
larly. Examination in 1960 revealed an intelligence 
quotient less than 31 and the behavior of a four-year- 
old child. The external genitalia, breasts, pubic and 
axillary hair, and manual r l v i c  findings were all 
normal for an adult fema e. On laparotomy the 
uterus was found to be small but tubes were normal 
in size. The ovaries may have a normal appearance 
or may be cystic and small. Maturing Graffian fol- 
licles were identified histologically although their 
number is reduced. (Reproduction has been success- 
fully accomplished by patients with the triple-X 
constitution. Of at least nine children born of such 
mothers all have had a normal sex chromosome con- 

d 

stitution.) b. Karyotype in the triple X syndrome. 
Courtesy of A .  W. Johnston and M. A. Ferguson- 
Smith. (Part of one normal chromosome 21 was ob- 
scured in reproduction.) c. Triple X-Y syndrome. 
M.G. (178523), age 22, of Polish-Russian-Austrian an- 
cestry, was noted at an early age to be mentally re- 
tarded. He has been institutionalized from the age of 
9 years with an estimated intelligence quotient below 
20. The pelvis is broad. There is bilateral gyneco- 
mastia. The testes and prostate are very small. The 
testis measured 18 mm. in length at biopsy. Histo- 
logically it showed the changes ty ical of the Kline- 
felter syndrome. d. Karyotype in t!e triple X-Y ~ y n -  
drome. 

WITH DOUBLE SEX CHROMATIN 
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observed persons with Down’s syndrome and 
with the Turner  syndrome in the same sibship. 

Origin of the Barr body and “drumstick.” 
Some 20 per cent or more of cells in the buccal 
smear of the normal female show a chromatin 
mass idjacent to the nuclear membrane-the 
so-called sex chromatin or, for its discoverer 
(Barr and Bertram, 1949), the Barr body (Fig. 
28). None of the cells of the normal male show 
the Barr body. (See Symposium, 1962.) Prob- 
ably essentially all cells of the female have a 
Barr body. That  it cannot be identified in many 
cells is probably because it is not in profile, be- 
cause it is not in its characteristic position sub- 
jacent to the nuclear membrane, or because of 
other technical factors. On the basis of mathe- 
matic and geometric considerations Levij and 
Meulendijk (1962) concluded that, assuming 
that all cells of the buccal mucosa possess a 
Barr body, one would not expect more than 
about 50 per cent of Barr bodies to be in profile 
and clearly subjacent to the nuclear membrane. 
Therefore, they suggested that this is in fact 
the location of the Barr body in all cells. In  
cases of the trip1e-X or tetra-X syndrome, which 
show two or three Barr bodies in many cells, at 
least one Barr body may be identified in as many 
as 95 per cent of cells (Johnston, et al., 1961; 
Carr and Barr, 1961; Carr, Barr, and Plunkett, 
1961); when two Barr bodies are present the 
chances that at least one will be in profile is 
increased. There remains a possibility that a 
small proportion of female cells have no Barr 
body. Ohno and Hauschka (1960) found that 
no heterochromatic chromosome was present in 
some cells in prophase. I n  more recent studies 
Ohno (1962, personal communication, Duarte, 
Calif.) finds that after implantation about 97 per 
cent of cells at prophase have one X chromo- 
some heterochromatic and the remaining 3 per 
cent have no heterochromatic X. (See page 123 
for another suggestion of why rapidly growing 
tissues might have a lower proportion of nuclei 
with a Barr body than slowly growing tissues.) 

The  Barr body was previously thought to be 
produced through. the fusion of the hetero- 
chromatic portions of two X chromosomes. 
More recently this theory has been abandoned, 
and the conclusion that a Barr body is consti- 
tuted from one X chromosome (or part thereof) 
has been forced by the the following observa- 
tions: 

1) Findings in normal individuals (XY, XX) 

and in individuals with, XO, XXY, XXYY, 
XXX, XXY, XXXX, XXXXY and even more 
complex sex chromosome constitutions lead to 
the generalization (Barr and Carr, 1960; Stew- 
art, 1960) that the maximum number of Barr 
bodies in any one diploid cell is one less than 
the number of X chromosomes (the n-1 rule). 

2) I n  the rat Ohno, Kaplan and Kinosita 
(195913) and in man Ohno and Makino (1961) 
find that during prophase, cells of the female 
show heteropycnosis of one chromosome (al- 
most certainly one X chromosome), whereas the 
male shows no such phenomenon. T h e  hetero- 
pycnotic chromosome is often bent acutely at its 
center and resembles in shape the sex chromatin 
body seen in intermitotic nuclei. This may ex- 
plain the fact that the Barr body sometimes 
looks double, leading to an erroneous view 
that it arises from two X chromosomes. That  
the X chromosomes show asynchronous incor- 
poration of tritiated thymidine (German, 1962a, 
b; Morishima, Grumbach, and Taylor, 1962; 
Taylor, 1960) is evidence along this same line. 

Grumbach (1962, personal communication, 
New York) points out that the late DNA-synthe- 
sizing X chromosome tends to be peripheral in 
the mitotic spreads, as one might expect if it is 
the one constituting the Barr body. 

As a third piece of evidence that the Barr 
body is formed from one X chromosome, Stew- 
art and Sanderson (1961) presented their find- 
ing of what they interpreted as a Barr body in 
cells of the normal human testis. However, 
spermatogonia show the sex vesicle comprising 
the heteropycnotic X-Y bivalent and this vesi- 
cle was almost certainly confused for sex chroma- 
tin. T h e  sex vesicle was recognized in man by 
Painter in the 1920’s and Sachs in 1954 and has 
been studied also in the mouse and rat by Ohno, 
Kaplan, and Kinosita (1956, 1957a). 

T h e  findings in polyploidy do not necessarily 
require a modification in the n-1 rule. T h e  
triploid male patient of Book and Santesson 
(1960) had 69 chromosomes (3A + XXY) and 
was chromatin negative. Recent information 
indicates (Book and Santesson, 1961) that the 
patient is in fact a mosaic. Penrose’s group 
(Delhanty, Ellis, and Rowley, 1961; Penrose and 
Delhanty, 1961) observed two instances of 3A + 
XXY abortuses and one studied from this point 
of view was chromatin positive (Mittwoch and 
Delhanty, 1961). The  Barr bodies.may have 
been unusually small in this case (Mittwoch, 
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1961, personal communication, London). Harn- 
den (1961b) showed that octoploid and tetra- 
ploid cells of an XXXY individual have 12 and 
six X chromosomes and eight and four Barr bod- 
ies, respectively. Atkin (1960) found that tetra- 
ploid male cells are chromatin negative despite 
the presence of two X’s and that tetraploid fe- 
male cells have only two Barr bodies despite the 
presence of four X’s. Harnden (1961b) suggested 
a modification of the n-1 rule to allow that one 
diploid set of autosomes suppresses heterochro- 
maticity in one X chromosome. He formulated 
the modified rule as follows: B = X - (p/2), 
where B is the number of Barr bodies, X is the 
number of X chromosomes, and p is the ploidy. 

T h e  Harnden formula does not predict the 
findings in  the triploid cases. Moreover, assum- 
ing for the moment the validity of the Lyon 
hypothesis (p. 117 fE), the Harnden modification 
of the n-1 rule is not necessary to account for 
the findings in polyploidy. All the polyploid 
states cited as examples probably arise or may 
have arisen after the chromatin status of the 
parent cells was decided upon. Therefore, the 
number of Barr bodies in tetraploid and octo- 
ploid would be expected to be simple multiples 
of that in the parent cell. 

Schuster and Motulsky (1962) have described 
a remarkable case of XX/XY/XO mosaicism in 
an individual with male pseudohermaphro- 
ditism. The  XX cells contained no Barr body. 
T h e  cultures of blood cells showed XY and XO 
types but none of the XX type, whereas skin 
cultures showed XX as well as XO karyotypes. 
T h e  authors suggested that the XX cells arose 
by non-disjunction in an XO cell sometime after 
the “time of decision” postulated in the Lyon 
hypothesis. The  findings and conclusion are 
consistent with those of polyploidy. 

A possible exception to the n-1 rule-a case 
of chromatin-positive Turner  syndrome with 
supposed XO sex chromosome constitution 
(Grumbach, Morishima, and Chu, 1960) may 
not be an exception if, as the most recent infor- 
mation indicates (Grumbach and Morishima, 
1962), the patient is in fact an XO/XX/XXX 
mosaic. The fact that in birds, such as the do- 
mestic fowl (Kosin and Ishizaki, 1959; Ohno, 
1961b; Ohno, Kaplan, and Kinosita, 1959a), the 
female is the heterogametic sex, yet is chromatin- 
positive, presents an interesting problem but 
possibly has no direct bearing on the question of 
the origin of the Barr body in man and other 
mammals. 

Earlier Ohno and colleagues (195913) sug- 
gested that which of the two X chromosomes 
forms the Barr body might be a function of the 
company each keeps or has previously kept, 
that is, that the X chromosome of paternal 
origin regularly constitutes the Barr body. How- 
ever, as was discussed earlier (p. log), in cases 
of the XXY Klinefelter syndrome both X chro- 
mosomes seem to come from the mother, yet the 
subject shows a Barr body. For this and other 
reasons, Ohno and Hauschka (1960) later wrote 
as follows: “More probably, heteropyknosis al- 
ternates between the two X’s in a female so- 
matic nucleus regardless of their parental deri- 
vation. Depending on stage of DNA synthesis 
and degree of overlapping in the replication of 
the two X chromosomes, one may often discern 
one X, sometimes no X, or, rarely, two X’s 
[which are heteropyknotic].” 

The  above considerations by no means ex- 
clude the possibility that only part of one X 
chromosome, possibly part of the long arm, goes 
to form the Barr body in the normal female. 
Maclean (1962) suggested that certain observa- 
tions on the frequency and size of leukocyte 
drumsticks in cases of partial deletion of one X 
chromosome are best explained if part of the 
short arm is always euchromatic and does not 
participate in the formation of the sex append- 
age (or Barr body). Ohno (1962) considers this 
highly improbable, however, since the entire X 
chromosome is heterochromatic in early pro- 
phase preparations. In  summary, the weight of 
evidence supports the view that the Barr body 
represents the heterochromatin portion of one X 
chromosome and is formed by a process which 
Morishima, Grumbach, and Taylor (1962) call 
“fixed differentiation”. 

It would seem that in those cases in which two 
X chromosomes are present but one is partially 
deleted it is always the anomalous X chromo- 
some which forms the Barr body. In  simple de- 
leted-X cases ( X x )  aEZ Barr bodies are small. In  
cases of what is interpreted as an isochromosome 
of the long arm with deleted short arm (Xx),  all 
Barr bodies are unusually large. Furthermore, 
assuming that the Lyon hypothesis (p. 117) is 
correct in its suggestion that the X chromosome 
which forms the Barr body is genetically inac- 
tive, then a cell with a deleted X chromosome as 
the only active one would be expected to die. 

The “drumstick” of the leukocytes, ‘described 
by Davidson and Smith (1954), was of uncertain 
origin (Davidson, 1960; Davidson and Flute, 
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1962). Ashley and Jones (1958) concluded that it 
is not an equivalent of the Barr body since they 
thought both structures can sometimes be iden- 
tified in the same neutrophiles. For this reason 
they have suggested that the “drumstick” is a 
secon’dary sex characteristic at the nuclear level. 
However, that the “drumstick” is somehow re- 
lated fairly directly to the X chromosomes is 
suggested by 1) the demonstration of leukocytes 
with two “drumsticks” in cases of the XXXY 
syndrome (Harnden and Jacobs, 1961) and 2) 
the observation of large “drumsticks” in  some 
subjects with one abnormally large X chromo- 
some (Engel and Forbes, 1961; Jacobs et al., 
1961). T h e  extensive studies by Maclean (1962) 
of the “drumsticks” in  cases with abnormalities 
in the number and structure of X chromosomes 
leave no room for question that the Barr body 
and the leukocyte appendage are of equivalent 
significance. 

T h e  functional significance (or insignificance) 
of the Barr body.  Although apparently it oc- 
curred to several persons (e.g., Stewart, 1960, 
1962; Ohno, 1961a; Beutler, Yeh, and Fairbanks, 
1962; Grumbach and Morishima, 1962) at  about 
the same time so that assigning priority, always 
a hazardous as well as useless task, is particularly 
difficult, Dr. Mary Lyon of Hanvell, England, 
was among the first to expound what will be re- 
ferred to as the L y o n  hypothesis (Fig. 31): that 
only one X chromosome per cell is genetically 
active during interphase, the other in  the nor- 
mal female retaining its heterochromatic prop- 
erties. I n  early embryogenesis each somatic cell 
of the female, it is postulated, reaches a “time of 
decision” when the die is cast as to whether Xp or 
XM shall be the active one in that particular cell. 
Descendants of each cell abide by the decision 
originally made. T h e  decision may be reached as 
early as the time of implantation and probably 
no later than the time of first appearance of the 
Barr body, which in this hypothesis represents 
the genetically inactive X chromosome. (As Platt 
(1961), writing in a different context, puts it: 
“...biologically you are nothing but a lot of 
clones.”) T h e  Lyon hypothesis suggests that i t  is 
a random proposition which of the two X chro- 
mosomes is “active” and which plays “dummy” 
in  any particular somatic cell of the normal 
female, although the possibility of partial non- 
randomness is not excluded by the hypothesis. 
All the X chromosomes of the normal male are 
presumably active. T h e  germ cell line in the 
female probably does not participate in this 
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MOSAIC OF ADULT FEMALE 

FIG. 31. THE LYON HYPOTHESIS: A SCHEMATIC 
PORTRAYAL 

Implantation occurs 6%-7 days after fertilization. 
The ostulated X chromosome differentiation is 
thou& to occur at that time or no later than about 
the 16th day. 

process of X chromosome differentiation (see p. 
112). As will also be discussed later, the term 
inactivation may be less appropriate than one 
such as suppression, modification, or differentia- 
t ion.  

Cytologic support for the Lyon hypothesis of 
X chromosome differentiation is provided by the 
observation of heteropycnosis in a single X 
chromosome of prophase cells from the normal, 
female (p. 1 15). Taylor (1 960), moreover, found, 
asynchronous incorpora tion of tritium-labelled 
thymidine into X chromosome DNA in the 
Chinese hamster. German (1962a, b) and Mori- 
shima, Grumbach, and Taylor (1962) have evi- 
dence of the same in man. 

Ohno, Weiler, and Stenius (1961) have de- 
scribed another example of different function- 
ing of two chromosomes of a pair. I n  the guinea 
pig they consistently found in all somatic and 
germ cells that only one of the largest auto- 
somal pair demonstrates a secondary constric- 
tion and participates in  organization of the 
nucleolus. They suggested that in, mapmals 
many homologous regions of chromosome pairs 
within the same diploid nucleus do not function 
synchronously. They stated, furthermore, that 
in  man although all 10 acrocentric autosomes of 
man exhibit nucleolar satellites at one time or 
another (Ferguson-Smith and Handmaker, 1961). 
they could find no more than six associated with 
nucleoli at  any one time. Lima-de-Faria, Reitalu, 
and Bergman (1961) emphasized the asynchrony 
in DNA synthesis in the human chromosomes, 
between homologs, between separate chromo- 
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somes, and between the two arms of the same 
chromosome. 

Necessary genetic consequences of the Lyon 
hypothesis (which can be used in testing the 
hypothesis) are the following: 

1. There should be no dosage effect of the 
two X chromosomes in  the female as compared 
with the male. 
2. As a group females heterozygous for X- 

linked traits should show wide variability. 
3. With X-linked traits which can be identi- 

fied and studied at  the cellular level, two popu- 
lations of cells should be found in most hetero- 
zygous females: one population with the mutant 
phenotype, one with the wild phenotype. 

4. In  the case of multifactorial traits to whose 
genetic background the X chromosome con- 
tributes, monozygotic female twins should show 
greater intrapair differences than male mono- 
zygotic twins. 

Each of these aspects will be discussed. 
T h e  female has, in the Lyon hypothesis, no 

greater number of active X chromosomes than 
does the male. T h e  Lyon hypothesis is not in 
conflict with the facts of X-linked recessive 
inheritance; the heterozygous female has in all 
no more active X chromosomes than the hemi- 
zygous male but on the average half her active 
X chromosomes are mutant in type rather than 
all of them as in the hemizygous “affected” male. 
T h e  Lyon hypothesis suggests a mechanism for 
what Muller (1947-1948) called “dosage compen- 
sation,” that is, the reason that the homozygous 
normal female with two X chromosomes has no 
more (Stern, 1960a) of certain proteins deter- 
mined by sex-linked genes than does the normal 
male with one X chromosome. In  the case of 
autosomal loci dosage effects are familiar from 
many examples in which heterozygotes, with 
one dose of a particular gene, have roughly half 
as much protein product of the said gene as do 
the homozygotes: hypocatalasemia (Nishimura 
et al, 1959), congenital methemoglobinemia due 
to diaphorase deficiency (Scott, 1960); PTA 
deficiency (Rapaport, Procter, Patch, and Yettra, 
1961), nonspherocytic congenital hemolytic ane- 
mia due to deficiency of pyruvic kinase (Valen- 
ine, Tanaka, and Miwa, 1961; Tanaka, Valen- 
tine, and Miwa, 1962), rhesus antigen (Masou- 
redis, 1960), galactosemia (Kirkman and By- 
num, 1959), the variant hemoglobins, and 
others. I n  the case of X-linked loci such gene 
dosage effects have not been observed in com- 
parisons of persons homozygous (XX) and 

hemizygous (XY) for specific wild-type alleles; 
see below for possible exceptions. T h e  normal 
XX female has no higher glucose-6-phosphate 
dehydrogenase activity than does the normal XY 
male and the same is true for the normal male 
and female in regard to the clotting factors, anti- 
hemophilic globulin and PTC. In  the case of the 
X-linked blood group (Xg“), Mann and his col- 
leagues (1962) found that the Xg”Y male individ- 
ual reacts more strongly than the heterozygous 
Xg“Xg female and that the Xg“Xg“ homozy- 
gotes react as strongly as hemizygotes and more 
strongly than heterozygotes-all findings con- 
sistent with the Lyon hypothesis. Furthermore, 
persons with three or four X chromosomes 
react no more strongly in the Xg“ system than 
do hemizygotes (Race and Sanger, 1962, per- 
sonal communication, London). At least four 
laboratories have, to my knowledge, assayed the 
level of erythrocyte glucose-6-phosphate dehy- 
drogenase in persons with three or four X 
chromosomes and found it not elevated (Grum- 
bach, Marks, and Morishima, 1962). (In one pa- 
tient studied by Grumbach, Marks, and Mori- 
shima (1962) the XXXX sex chromosome con- 
stitution was associated with elevated G6PD 
in the red cells. However, the possibility that 
the red cell population was on the average 
younger than normal was not investigated.) 

Although no completely convincing example 
of an  X chromosome dosage effect, distinguish- 
ing the “normal” male and female, has been 
observed, it is necessary to be cautious in draw- 
ing conclusions since few products of X chro- 
mosome gene action lend themselves well to 
this study. Furthermore, it is a general physio- 
logic principle that conditions of stress are more 
likely to render differences evident. Childs and 
colleagues (1962) have focused their attention on 
the normal alleles for two X-linked mutants, 
that for vitamin D resistant rickets, and that for 
renal diabetes insipidus. Stressing the normal 
mechanisms which are postulated to be under 
X-linked control (e.g., water diuresis) might 
bring out a difference between the normal homo- 
zygous female and the normal hemizygous male. 
Indeed, a suggestion of greater response to anti- 
diuretic hormones in the normal female was 
found (Childs, Cantolino, and Dyke, 1962). (This 
might, of course, have its basis in the different 
make-up of the female with regard to other hor- 
mones.) Furthermore, Childs and ‘colleagues 
(1962) suggest that the present occurrence of vita- 
min D deficiency rickets predominantly in males 
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may be evidence of dosage effect for the wild-type 
allele of the mutant responsible for vitamin D 
resistant rickets. 

Part and parcel of the question of dosage com- 
pensation in the X chromosomes is the matter of 
degrke of severity in homozygous affected fe- 
males as compared with the hemizygous affected 
males. Suffice it to say that in the seven known 
examples (p. 84) the homozygous affected fe- 
male is no more severely affected than the hemi- 
zygous affected male, an observation consistent 
with, indeed supporting, the Lyon hypothesis. 

In  conditions of X-polysomy the somatic and 
sexual phenotypes are perhaps not as drastically 
altered as one would anticipate if all the X 
chromosomes were genetically active. For ex- 
ample, the triple-X female is often fertile 
(Johnston, et al., 1961) and although mild men- 
tal retardation is usually present physical effects 
are not striking. Furthermore, no matter how 
many X chromosomes are present in combina- 
tion with a Y chromosome the phenotype re- 
mains male (Table 6); the male-determining 
property of the Y chromosome is not over- 
whelmed. Here may be evidence supporting at 
least partial inactivation of all but one X chro- 
mosome with regard to sex determining proper- 
ties as well as others. 

By the Lyon hypothesis, should one not ex- 
pect the XO and XXX females to be pheno- 
typically identical to the normal XX female, 
and the XXXY Klinefelter male to be pheno- 
typically identical to the XXY Klinefelter male? 
T h e  fact that the XXX and XXXY states are 
distinguished from the XX and XXY states, 
respectively, by the presence of greater mental 
deficiency and somatic malformations suggests 
some dosage effect in these polysomic states. 
Fraser and colleagues (1961a) emphasize the 
occurrence of even more pronounced abnormali- 
ties in the XXXXY Klinefelter syndrome. Fur- 
thermore, cases of the XXY Klinefelter syn- 
drome show, on the average, lower intelligence 
than normal XY males. (The criticism that the 
methods for ascertaining cases of the Kline- 
felter syndrome, e.g., by screening of special 
institutions, accounts for the low average intel- 
ligence does not pertain to some recent studies 
(Raboch and Sipova, 1961). Surveys of institu- 
tions for the mental defectives (Maclean, et al., 
1962) reveal frequencies of the XXY state about 
three times that in the general population and 
the frequency of the XXX state is increased to 
about the same extent over the general preva- 

lence. T h e  XO state probably has no increased 
frequency in such institutions.) On the other 
hand, an alternative possibility is that important 
effects of the polysomic-X states antedate the 
“time of decision” when the Barr body is 
formed. T h e  fact that no heterochromatic X 
chromosome is found in  oogonia or oocytes 
(Ohno, Kaplan, and Kinosita, 1960) may indicate 
that two active X chromosomes are essential to 
normal ovarian development, thus explaining 
the “streak gonads” of the Turner  syndrome. 
Finally, as pointed out by Mittwoch (1961), it 
may not be fair to compare the function of the 
genetic material in sex determination and per- 
haps some other traits with its function in the 
monogenic traits with which the Lyon hypothe- 
sis is concerned. 

Sex chromatin has not been observed in ovo- 
cytes and the XX bivalent of ovocytes is iso- 
pycnotic (Ohno, Kaplan, and Kinosita, 1960; 
1961; Ohno and Weiler, 1961), observations 
suggesting that with gametogenesis a “new hand 
is dealt” insofar as differentiation of the X chro- 
mosome is concerned. In  fact, the germ cell 
line probably does not participate in the X 
chromosome differentiation postulated for so- 
matic cells. 

T h e  decision as to which particular X chro- 
mosome of the pair in a particular cell is to be 
inactive and “play dummy during the rest of the 
hand” may be made rather early in develop- 
ment, when the total number of cells in the 
organism is relatively small. Ohno (1961, per- 
sonal communication, Duarte, Calif.) finds one 
X chromosome heterochromatic at  the time of 
implantation (sixth to seventh day) and sug- 
gests that the decision may be made at that 
stage. T h e  Barr body can be identified as early 
as the sixteenth day in the human embryo and 
somewhat earlier in  the trophoblast (Park, 1957). 
Thus, the probable limits on the time of deci- 
sion postulated by Lyon are the sixth day and 
the sixteenth day. From study of the two earliest 
embryos (Nos. 7762 and 7802) in the Carnegie 
collection in which Park (1957) identified sex 
chromatin, Ebert and Boving (1962, personal 
communication, Baltimore) estimated that the 
16-day-old human fetus (germinal disc stage; 
Streeter’s Horizon vii) has between 2800 and 
4000 cells (excluding extraembryonic and tro- 
phoblastic elements). Of these the ectoderm 
comprises 2000-2400 cells, the mesoderm 400 to 
800 cells and the endoderm 400 to 800 cells. Of 
the cells destined to become, for example, the 
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cells producing antihemophilic globulin in the 
adult, only a few, perhaps 10-20, may be present 
at this early stage. 

Because of the small size of the pertinent cel- 
lular population it is likely that a population of 
females will fall, with regard to the proportion 
of cells which have a particular X chromosome 
as the active one, into a frequency distribution 
with a large variance (Fig. 32a). T h e  antici- 
pated consequence is that females heterozygous 
for X-linked genes will describe a normal dis- 
tribution with a wide range of variability, with 
regard to the expression of said gene. Such has 
indeed been found for glucose-6-phosphate 
dehydrogenase, for anti-hemophilic globulin 
(Githens and Wilcox, 1962; Rapaport, Patch, 
and Moore, 1960), for P T C  (Barrow, Bullock, 
and Graham, 1960) and for the Xg“ blood group. 
See Figure 32b. One would anticipate occasional 
full expression of X-linked recessive traits in 

/- 

PERCENTAGE OF “SUCCESSES”= 

a 

BUTION) AND LEVEL OF CLOTTING FACTORS IN FEMALES 

a. Frequency distribution (binomial distribution), 
given various numbers of pertinent cells in females 
heterozygous for an X-borne recessive gene and as- 
suming an equal chance (P = 0.5) that in any par- 
ticular cell the mutant chromosome or the wild 
type X chromosome will be the “active” one. With 
smaller numbers of cells, such as might obtain in 
early embryonic life in specific pertinent tissues at 
the “time of decision” on active vs inactive X chro- 
mosome, the variance (spread) of the distribution 
would be greater. b. The level of anti-hemophilic 
globulin (AHF in the terminology of these workers) 
was low in 40 of 47 definite and probable carriers of 
hemophilia A. Of seven carriers with normal AHF 
values six were past the menopause. The level of 
PTC (factor IX or hemophilia B factor) was low in 20 
of 23 definite or probable carriers and in seven of 18 
potential carriers. From Nilsson and colleagues 
(1962). 

FIG. 32. FREQUENCY DISTRIBUTION (BINOMIAL DISTRI- 

HETEROZYGOUS FOR HEMOPHILIA A OR B 

the heterozygous female, and indeed such is ob- 
served. Rapaport and his colleagues (1960) esti- 
mated that 2 per cent of females heterozygous 
for the gene for hemophilia A have AHG levels 
sufficiently low to result in clinical hemophilia. 
McGovern and Steinberg (1958) presented a 
case of hemophilia A in a presumably heterozy- 
gous female and offered this explanation. T h e  
cases of de  la Chapelle and colleagues (1961), of 
Taylor and Biggs (1961), and of Mellman and 
colleagues (1961a) may be of the same type. 
Trujillo and colleagues (1961), described a 
GGPD-deficient Sephardic Jewish female who 
must be heterozygous since she had two normal 
sons. T h e  woman had no detectable enzyme ac- 
tivity in her erythrocytes and each spring for 
many years had suffered from severe hemolytic 
anemia upon ingestion of fava beans. T h e  karyo- 
type was normal. Gross and colleagues (1958) de- 
scribed a similar case. Nilkhn and Nilsson (1962) 
described severe hemophilia B with very low 
Factor IX level in a female with a normal father 
and a carrier mother. Again the karyotype was 
normal. 

Studying females heterozygous for the electro- 
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phoretic variant of GGPD, Boyer (1Y62, per- 
sonal communication, Baltimore) finds that 
although most have essentially identical pro- 
portions of types A and B in red cells and white 
cells, occasional subjects show a preponderance 
of one type in red cells and of the other in 
white cells. Furthermore, a deficiency of AB fe- 
males and the occurrence of both A sons and B 
sons from some females typed A, find possible 
explanation in the Lyon hypothesis. 

Genetic evidence in support of the Lyon 
hypothesis has been assembled from mice (Lyon 
1961a; Russell, 196l), in which mosaicism for 
coat-color is observed in females heterozygous 
for X-linked coat color genes. T h e  mosaic phe- 
notype in the “tortoise-shell” female cat is com- 
parable to that in female mice heterozygous for 
X-linked coat color genes. All the female off- 
spring of a black female by yellow male cat are 
“tortoise-shell.” Two populations of pigment 
cells would appear to exist: those with yellow- 
bearing X chromosome active and those with 
the non-yellow-bearing X chromosome active. 
At least some of the male cats with tortoise-shell 
coat have been found to have an XXY sex 
chromosome constitution (Thuline and Norby, 
1961). In  1953 Falconer commented on the mo- 
saic phenotype in female mice heterozygous for 
coat color mutations: “There is a curious point 
of resemblance between the three sex-linked 
genes described in this paper, which is shared 
also by the sex-linked yellow in cats. All these 
genes have mosaic heterozygotes, and no sex- 
linked gene affecting the integument is known 
that does not have a mosaic heterozygote. This 
resemblance may be purely fortuitous but it is 
nevertheless worth pointing out.” T h e  tabby 
heterozygous mouse has areas of the coat identi- 
cal to that of the black hemizygote and homozy- 
gote and other areas agouti like the wild type 
(Falconer, 195 3). 

In man, evidence of this type (mosaicism in 
heterozygotes) is more difficult to find. Lyon 
(1961b and c) has, however, suggested that the 
mottled appearance of the ocular fundus in 
females heterozygous for the gene for ocular 
albinism (No. A42) might be such evidence. 
Roberts’ pedigree of X-linked anhidrotic ecto- 
dermal dysplasia (Roberts, 1929) is of particular 
interest in this connection because of the follow- 
ing statement: “Three of the females were re- 
ported to have occasional ‘patches’ on the body 
which were smooth and in which the sweat 

glands did not function.” Kline, Sidbury, and 
Richter (1959) studied a family with probable 
X-linked ectodermal dysplasia and demon- 
strated patchy skin involvement with maps of 
skin resistance. Demonstrating changes by starch- 
iodine mapping of sweating, Motulsky (1962, 
personal communication, Seattle) has had ex- 
perience with patchy involvement in females 
presumably heterozygous for the X-linked dis- 
order. In  females who were heterozygous for 
glucose-&phosphate dehydrogenase deficiency 
and showed intermediate levels of enzyme ac- 
tivity, Beutler, et al., (1962) studied in vitro the 
rate of disappearance of red cell glutathione in 
the presence of acetylphenylhydrazine and the 
rate of reduction of methemoglobin in the pres- 
ence of Nile blue. H e  interpreted his findings 
as indicating two populations of erythrocytes, 
one with normal levels and one with very low 
levels of G6PD. However, by in vivo studies of 
erythrocyte survival by the DFPa-labelling 
method, Brewer, Tarlov, and Powell (1962) 
could demonstrate in two heterozygous females 
no cells with a normal survival when prima- 
quine was administered, findings refuting the 
Lyon hypothesis. Observations in more subjects 
are desirable. Unfortunately, the Xg blood 
group system has thus far not proved amenable 
to use in testing the presence of two popula- 
tions of erythrocytes in heterozygotes (Race and 
Sanger, 1962, personal communications, Lon- 
don). 

A crucial genetic test of the Lyon theory 
might be possible in mice. Females doubly het- 
erozygous- with reference to two X-borne re- 
cessive mutants affecting the same trait would 
be of two types, depending on whether the 
mutant alleles were in coupling or in repulsion: 
if in coupling the phenotype would be expected 
to be mosaic; if in repulsion no wild-type 
patches would be expected. Unfortunately 
many X-linked mutations thus far identified in 
mice are lethal in the hemizygous male (Russell, 
1961). However, the prediction of complete 
mutant phenotype in  the repulsion double 
heterozygote has been realized (Lyon, 1962a) 
using a coat color gene on one X chromosome 
and a hair-structure gene on the other. Either 
one or the other acted in all parts of the coat 
but never both. Also supporting the hypothesis 
is the observation of Searle (1962) that when the 
locus for tabby is transferred to an autosome 
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through translocation, the gene behaves as an 
ordinary recessive. 

In Drosophila and Oenothera (Lewis, 1950) 
and in the mouse (Russell, 1961) position effects 
of the variegated type (V-type) occur when part 
of an  autosome is translocated or inverted to 
bring loci into the vicinity of heterochromatin. 
Variegated is the term applied because the 
phenotype is mosaic, only some cells showing 
the aberrant phenotype. When a piece of auto- 
some containing loci bearing the wild-type 
allele comes to lie near a heterochromatic por- 
tion of its own or any other chromosome in- 
cluding the X chromosome then its dominance 
is suppressed or rendered uncertain so that if 
the allele on the other chromosome is mutant 
it is expressed in the heterozygote even though 
it is ordinarily recessive. I n  the mouse (Russell, 
1961; Russell and Bangham, 1961) only a hetero- 
chromatic X chromosome seems capable of 
changing recessive-dominance relationships of 
the autosomal locus through the V-type position 
effect (when an autosome/X chromosome trans- 
location occurs). Only in the female mouse is an 
X chromosome heterochromatic; the variegated 
phenotype ordinarily occurs only in the female, 
or in the XXY male mouse (Cattanach, 1961). 
By the Lyon hypothesis only a proportion of the 
cells of the female mouse, ordinarily about half, 
show the anomalous phenotype, because it is a 
random matter whether the X chromosome 
which participated in the translocation or its 
ordinary mate is the one which becomes hetero- 
chromatic and inactive. T h e  interpretation of 
the variegated phenotype advanced by Russell 
(1961) fits nicely with the Lyon hypothesis. 
(Drosophila apparently differs from the mouse 
in that variegation from X-linked translocations 
is expressed (Lewis, 1950) in flies with only one 
X chromosome; cytologically the distribution of 
heterochromatin seems to be different in the X 
chromosomes of Drosophila as compared with 
mammals.) 

T h e  variegated type of position effect has not 
been identified in man. No certain autosome/X 
chromosome translocation has been identified. 
Study of meiotic material is necessary for posi- 
tive demonstration of translocations. Hamerton 
and colleagues (196 1) have identified transloca- 
tion figures in  testicular material from cases of 
Down’s syndrome of the translocation type. T h e  
expected consequence of some such X-autosome 

translocations would be a variegated phenotype 
corresponding to an autosomal recessive pheno- 
type and occurring only in females. Albinism 
is an autosomal recessive trait which in the 
heterozygous female with the appropriate auto- 
some/)(. chromosome translocation might have 
a variegated phenotype. 

On the basis of the Lyon hypothesis one 
might anticipate greater intrapair variability, 
with regard to some metrical characters, in the 
case of female monozygotic twins than in male 
monozygotic twins. T h e  prediction is based on 
the presumption that in the genetic determina- 
tion of many multifactorial traits X-borne genes 
play a role. Because the random decision as to 
which X chromosome is to be the genetically 
active one is probably made at  a time when 
relatively few anlage cells are present, the pos- 
sibility for chance deviations between two fe- 
male MZ co-twins exists. In  male twins there 
can be no genetic variation between male MZ 
twins from this source. Although it was thought 
that for many traits female monozygotic twins 
indeed show more intrapair variability than do 
male monozygotic twins (Vandenberg, Mc- 
Kusick, and McKusick, 1962), errors in the study 
have come to light. On re-examination of the 
data no excess female twin variability inter- 
pretable as support for the Lyon hypothesis is 
found. 

T h e  Lyon hypothesis involves one of the few 
instances in which a large portion of chromo- 
somal material can behave a t  times as hetero- 
chromatin, a t  times as euchromatin. Hetero- 
chromatin, as contrasted to euchromatin, has 
long been viewed as relatively or totally inactive 
genetically. As has been pointed out by Cooper 
(1959) in a review of the theory of “heterochro- 
matin,” it is not proper to consider hetero- 
chromatic chromosomal material as totally with- 
out function. Reference to the Barr body (and 
the X chromosome which forms it) as genetically 
inactive should not be construed as indicating 
that i t  has n o  function whatever. Its function 
is probably of more general and less specific 
nature than that of the genes whose effects can 
be analyzed in a Mendelian manner. V-type 
position effects are evidence of such influences 
of heterochromatin. T h e  findings in X-poly- 
somic states referred to earlier (p. 119) may be 
examples of other non-specific influepce by the 
“inactive” X chromosome. Grumbach’s term 
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“fixed differentiation” (p. 116) clearly has ad- 
vantages over “genetic inactivation.” 

A number of differences between men and 
women do not seem easily explicable on the 
basis of hormonal differences: e.g., the branch- 
ing of the coronary arteries (James, 1960; 
Schlessinger, 1940) and the thickness of the 
coronary intima (Dock, 1946). Sex difference is 
observed in the frequency of congenital mal- 
formations of the heart and other structures. 
The  ostium secundum type of atrial septal de- 
fect and patent ductus arteriosus occur more 
often in females; congenital aortic stenosis and 
coarctation of the aorta occur more often in 
males. Hare lip with cleft palate is more fre- 
quent in males; hare lip alone is more frequent 
in females. Anencephaly is much more frequent 
in females; bilateral agenesis of the kidneys is 
more frequent in males. The  superior viability 
of the female has been reviewed by others 
(Montagu, 1955; Shettles, 1958). Such differ- 
ences, if not due to hormonal differences, may 
be heterochromatin effects and/or  heterotic 
effects in the female. They need not contradict 
the Lyon hypothesis. Even upon the Lyon hy- 
pothesis the relative heterozygosity of the fe- 
male as compared with the hemizygous male 
obtains. The  biological superiority of the fe- 
male may in  part have its basis in this hetero- 
zygosity. 

Commenting on the compelling evidence that 
the Barr body has its origin in one X chromo- 
some, Ferguson-Smith (1962) wrote as follows: 
“The major implication of these studies is that 
the two X chromosomes in female somatic nuclei 
have different properties. One can only specu- 
late how such differentiation could occur.” 
Ample precedent for chromosomal differentia- 
tion is available (Markert, 1961). Evidence that 
some genes are active only at some stages of the 
life cycle of the organism and only in some cells 
of the organism has been provided by both 
cytologic and genetic studies. Possibly X-chro- 
mosome differentiation is a consequence of 
asynchrony of function as indicated by many 
observations such as those of Taylor (1960) and 
his colleagues (Morishima, Grumbach, and Tay- 
lor, 1962) referred to on p. 117. Possibly one 
X chromosome gets the lead and through feed- 
back mechanisms the function of the other is 
repressed. This  suggested mechanism would al- 
low for the activity of both X chromosomes in 

some cells because of synchronous performance 
a t  the “time of decision.” T h e  X chromosome 
which synthesizes DNA late is thought to be the 
one which forms the Barr body. Heterochroma- 
tin is probably coiled differently than euchro- 
matin, thus accounting for its different staining 
properties. In  accordance with the Lyon hy- 
pothesis, only extended threadlike euchromatic 
chromosomal material is capable of producing 
“messenger RNA” and thereby performing the 
usual genetic functions. On  p. 113 the question 
of whether all interphase cells of the normal 
female in fact have a Barr body or its equivalent 
was discussed. Grumbach, Marks, and Morishima 
(1962) suggested that many cells in rapidly 
growing tissues may lack a demonstrable Barr 
body because of uncoiling of the DNA prepara- 
tory to replication and cell division. T h e  high 
proportion of female nuclei with the Barr body 
in tissues with low mitotic activity, eg., those 
of the nervous system, and the low proportion 
in rapidly growing tissues and cell cultures are 
observations consistent with the suggestion. 

One might expect that evolution would favor 
the development of the mechanism of dosage 
compensation postulated by the Lyon hypothesis. 
From observations with reference to the auto- 
somes, one concludes (p. 124) that monosomy 
and trisomy are severely disrupting and even 
lethal derangements. To permit the quantitative 
genic disparity that normally exists between 
the two sexes in the presence of an XX-XY 
sex-determining mechanism, evolution might 
have chosen an alternative to the Lyon mecha- 
nism: Mendelian factors might be eliminated 
from, or reduced to a minimum in, the X chro- 
mosome. But obviously this has not taken place, 
witness the long list of X-linked traits. 

In summary, the Lyon hypothesis is attractive 
because it provides an explanation for many 
genetic and cytologic observations with regard 
to the X chromosome. At this writing, the evi- 
dence is as yet incomplete on some of the neces- 
sary consequences of the hypothesis as listed 
on p. 117. Argument against the theory are 1) 
the absence of precedence for unilateral (or 
heterozygous) chromosomal differentiation in 
sub-mammalian species, 2) the suggestion in the 
work of Childs and colleagues (1962) that there 
may be a dosage effect of two X chromosomes 
in the normal female as compared t? the one 
present in the normal male (p. IlS), 3) the 
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failure to find any erythrocytes with a normal 
survival with primaquine administration in fe- 
males (Brewer, Tarlov, and Powell, 1962) hetero- 
zygous for GGPD-deficiency (p. 121), and 4) the 
fact that not only have no Xg(a-) daughters 
of Xg(a+) fathers been observed (by the 
Lyon hypothesis occasional heterozygous females 
should react as Xg(a-) persons), but there is an 
excess of Xg(a+) females in the general popula- 
tion compared with that expected on the basis 
of the frequency of Xg(a+) in males (Race and 
Sanger, 1962, personal communications, Lon- 
don). 

Although in man, at least, altered genetic 
functions related to heterochromatic properties 
and delayed synthesis of DNA may a t  present 
be more amenable to investigation in the X 
chromosome, a comparable mechanism may 
operate in the autosomes-in limited segments 
of some pairs in some tissues at  some stages of 
development. T h e  possible significance to a 
central question about differentiation and de- 
velopment, why some genes function only at 
certain times and in certain tissues, should be 
kept in mind. 

Indirect gauges of the relative amount  of 
genetic material in the X chromosome. In  terms 
of cytologic length the X chromosome represents 
5 per cent or more of the haploid chromosome 
complement of man (22A+X). Assuming that 
about 60 separate X-linked loci are represented 
by the catalog (Table I) and that the rest of the 
chromosomes contain the same number of loci 
relative to length, then one might conclude that 
there are at  least 1200 loci in the total human 
genome. Assuming that man has about the same 
number of genes per physical length of mitotic 
chromosome as does Drosophila, Spuhler (1948) 
estimated that the total number of genes in man 
is about 42,000, with at least 2000 on the X 
chromosome. Attention is directed to Hersko- 
witz’s (1950) estimate of 726 as the number of 
loci on the X chromosome of Drosophila. See p. 
128 for a further discussion of the number of 
genes on the X chromosome. 

From considerations of the Lyon hypothesis 
and of the adaptation to X chromosome mono- 
somy (of the normal male) which one would 
expect to have occurred in evolution it is un- 
likely that the relative gravity of the effects of 
trisomy or monosomy of the X chromosome and 
of autosomes can be used as an indirect gauge 

of the relative amount of genetic information 
in th? X chromosome. Trisomy and monosomy 
of the X chromosome are compatible with life 
and result in only moderately severe somatic 
abnormality. On the other hand, no trisomy of 
the large autosomes 1-12 has been observed to 
date. Furthermore, no unequivocal instance of 
autosomal monosomy comparable to the X 
chromosome monosomy of the Turner  syndrome 
has been described. Contrast the drastic con- 
sequences of trisomy of one of the smallest 
autosomes, No. 21, in Down’s syndrome (the 
recommended new terminology for Mongoloid 
idiocy (Allen, et al., 1961)), with the relatively 
minor effects of X chromosome trisomy and of 
even more bizarre combinations of extra sex 
chromosomes. Striking as the contrast is, it is 
evidence probably not of lesser amounts of 
genetic information in the X chromosome, but 
rather of a potent mechanism of dosage com- 
pensation which has developed for the X chro- 
mosome. 

Since Morgan and his colleagues put forward 
the hypothesis that each chiasma observed in 
meiotic material represents a genetic crossover, 
evidence both for and against (Cooper, 1949) 
it has accumulated. Recently Rhoades (1961) 
wrote as follows: “The relation of chiasmata to 
genetic crossing over was a controversial issue 
in the 1930’s, but today it is widely held that 
in most organisms a chiasma represents a genetic 
crossover.. . Sturtevant’s dictum that it is no 
longer permissible to equate a cytologically 
observed chiasma with a genetic crossover should 
be restricted for the present, at least, to Droso- 
phila.” T h e  mouse is the only mammalian 
species in which both chiasma counts and esti- 
mates of the genetic length of the chromosomes 
from linkage data are available for correlation: 
Slizynski (1955) estimated a length of 19.2 mor- 
gans from chiasma counts, and Carter (1955) 
estimated a length of 16.2 morgans from linkage 
data. 

Assuming that the hypothesis of correlation 
between chiasma formation and genetic linkage 
is indeed true in man and taking one chiasma as 
equivalent to 50 centimorgans, one can use 
counts of chiasmata for making an estimate of 
the total genetic length of the human chromo- 
some complement. Ford and Hamerton (1956) 
are, to our knowledge, the only wqrkers who 
have published chiasma counts in man. They 
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found a mean chiasma count per cell of 55.9 
and estimated that the total genetic length of 
the autosomes was 27.9 morgans. Taking the 
cytologic length of the X chromosomes as about 
one-fifteenth of that of the total autosome set 
and assuming uniform distribution of chiasmata 
in autosomes and X chromosomes, Ford and 
Hamerton estimated a genetic length of almost 
one morgan for the X chromosome. I t  follows 
that independent segregation of X-borne traits 
can easily occur, a conclusion supported by the 
experience with linkage of color blindness and 
night blindness (p. 96), and of color blindness 
and hemophilia B (p. 95). Parenthetically it 
should be commented that further studies of 
meiosis in man are badly needed. The  chromo- 
somes in prophase of meiosis afford the best 
possibilities for detailed cytologic mapping. 
Translocations and inversions can be identified 
and important features such as chiasma counts 
and the frequency of accidents of spermatogene- 
sis, e.g., non-disjunction, can be determined. 
Slizynski (1961) predicts that the pachytene 
chromosomes of the human spermatocytes will 
be mapped within the next few years. 

Another indirect estimation of the minimum 
number of loci on the X chromosome was made 
by Spuhler (1948) on the basis of the number 
of mutations necessary to reduce the primary 
sex ratio to the secondary sex ratio. See p. 128, 
where Goldschmidt's views (1955) on such esti- 
mates are also presented. 

Cytogenetic mapping of the  X chromosome. 
Further proof of the X-linkage (Lennox, 1961) 
of color blindness, pseudohypertrophic muscular 
dystrophy, and glucose-6-phosphate dehydro- 
genase deficiency-if such is needed-is pro- 
vided by the description of cases of the XO 
type of chromatin-negative Turner  syndrome 
affected by one or another of these traits (Gart- 
ler, et al., 1962; Polani, et al., 1958; Walton, 
1956 and 1957). Cases in which only part of one 
X chromosome is missing should be even more 
illuminating as to the precise constitution of 
the X chromosome. Already this seems to have 
been shown: Stewart (1961) points to chromatin- 
positive Turner syndrome cases, which now 
number at least three (Lindsten, 1961), in which 
color blindness has been present and in which 
it was thought that the short arm of the X 
chromosome was missing and the long arm was 
duplicated in the form of an isochromosome 
(see p. 105). Both parents had normal color 

vision but the mother was presumably hetero- 
zygous for color blindness. Stewart suggests 
the tentative conclusion that the color blindness 
locus is on the short arm of the X chromosome. 
Polani and Hamerton (1961) point out that the 
two arms of an isochromosome are by definition 
isologous but may not be isoallelic. If the color 
blindness locus is on the long arm of the X 
chromosome, if the arms of the isochromosome 
in a given case were isoallelic for the color 
blindness locus, and if two mutant genes out 
of three resulted in expression of color blind- 
ness, then the findings would be explained. 

There is a more serious objection to Stewart's 
interpretation. If the isochromosome X is in all 
cells the one which forms the Barr body and is 
relatively inactive, then color blindness might 
occur in the situation discussed above regardless 
of the site of the color blindness locus. 

On the basis of the relatively large number 
of possible cross over events in connection with 
color blindness and the Klinefelter syndrome 
(p. log), Stern (1959b) suggested that the color 
blindness locus (or loci) may be rather far re- 
moved from the kinetochore. If, as suggested on 
p. 109, an appreciable proportion of Klinefelter 
cases arise by mis-segregation in an X'Y zygote 
(resulting in an X"X"Y zygote plus a YO zygote 
which dies), then the finding of color-blind 
Klinefelter cases is readily accounted for and 
Stern's deduction is not justified. 

At this point it is not clear what one can 
deduce about the constitution of the X chromo- 
somes from the somatic abnormalities which 
occur in the XO type of Turner  syndrome (Fig. 
24), e.g., webbed neck, coarctation of the aorta, 
angiomata in the bowel, dwarfism, short meta- 
carpals, characteristic facial malformation, men- 
tal retardation, pigmented nevi, etc. (de la 
Chapelle, 1962b). Jacobs and colleagues (1961) 
suggested that since gonadal dysgenesis cases 
with deletion of the long arm have no dwarfism 
whereas those with deletion of the short arm 
of the X chromosome invariably do, there are 
probably genes affecting height on the short 
arm. However, we know of no X-linked reces- 
sive form of dwarfism like that in the Turner  
syndrome nor of any of the other associated 
malformations. Schwarz and Walter (1 962) sug- 
gested that the fact that patients with the XO 
Turner  syndrome and those with pseudo-pseudo- 
hypoparathyroidism (see appendix 'No. B 16) 
have features in common, e.g., short stature and 
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shortened fourth metacarpals and fourth meta- 
tarsals, is evidence that pseudo-pseudohypo- 
parathyroidism is an X-linked disorder. How- 
ever, it is difficult to see how this follows from 
mere phenotypic similarities. 

Coarctation of the aorta is several times more 
frequent in males than in females. Lewis (1933) 
found a ratio of 8 to 1; others find a less striking 
male preponderance. This fact and the high 
frequency of coarctation of the aorta in the 
Turner syndrome were partly responsible for 
the interest of Polani and his colleagues (1956) 
in testing for color blindness in patients with 
the Turner syndrome. However, coarctation is 
almost certainly not the direct result of an X- 
borne gene; modest familial aggregation is ob- 
served, but male-to-male transmission has been 
encountered (Gough, 1961; McAulley, 1961, 
personal communication, Bermuda; Niell, 1961, 
personal communication, Baltimore) in a num- 
ber of instances. 

In  considering this question of the mechanism 
of the phenotypic findings in the XO Turner  
syndrome, Nowakowski and Lenz (1961) wrote 
as follows: “The XO genotype. . . can be thought 
of as an unfavorable milieu in which various 
genes of a usually latent pathogenic nature man- 
ifest themselves.” 

Also not clear is what deductions should be 
drawn from the occurrence of some of the same 
somatic anomalies in phenotypic males (Futter- 
weit, et al., 196l), often with testes that are 
hypoplastic and in some undescended (the so- 
called male Turner  syndrome). (See Fig. 25.) 
Karyotypic analysis has shown a chromosomal 
constitution indistinguishable from that of the 
normal male (Futterweit, et  al., 1961; Morishima 
and Grumbach, 1962; Steicker, et al., 1961). 

A dimorphism of sperm? One might expect 
discernible differences between the X-bearing 
and Y-bearing sperms since the mass of the 
chromosomes which constitute most of the sperm 
head is appreciably greater in  the former case. 
Shettles (1960a, b, and c) has indeed claimed 
that dried, unstained human spermatozoa show 
two distinct populations by phase contrast 
microscopy. T h e  distinguishing features he de- 
scribes relate to head and nuclear size, shape, 
and diffraction of light. H e  concludes that the 
X-bearing sperms are those with larger heads. 
Shettles (1961) studied the sperm of men in 
families in which all children for many genera- 

tions had been male; almost all spermatozoa had 
small, round heads and were presumably Y- 
bearing. H e  claims that all men have a pre- 
ponderance of sperms with small, round heads 
and that this is the explanation for the male 
preponderance in the primary sex ratio. 

Strong skepticism of the reality of this alleged 
dimorphism has been expressed by Bishop 
(1960), van Duijn (1960), and Rothschild (1960). 
T h e  last writer reviewed all the methods which 
have been tried for separating X and Y sper- 
matozoa-pH, immunologic means, electropho- 
resis, size and shape of head-and concluded 
that “there is so far no evidence that physical 
differences have been found between X and Y 
spermatozoa.” Bishop (1960) pointed to “the 
compounded artefacts of air-dried shrinkage 
and phase-contrast optical aberrations.” Van 
Duijn (1960) likewise stated, “In my opinion 
there cannot be the slightest doubt that Shettles 
has misinterpreted a number of physical arte- 
facts.” H e  proceeded to explain Shettles’ finding 
on the basis of physical optics and also gave 
cytologic reasons for questioning Shettles’ ob- 
serva tions. 

OTHER CONSIDERATIONS PERTINENT TO THE 

CONSTITUTION OF THE X-CHROMOSOME 

Estimates of mutation rate in man are prob- 
ably inexact for many reasons (Glass, 1954; Pen- 
rose, 1961; Crow, 1961). For X-linked recessive 
traits, the mutation rate is estimated by an 
indirect method, as elaborated by Haldane 
(1935). By determining the proportion of indi- 
viduals affected sporadically by an X-linked 
mutation (X) and estimating mean effective 
fertility (f), the mutation rate (p) is found as 
follows: 

p = l/s(l - f)X 

Estimates thus arrived at  are presented in Table 
9. T h e  figures are given in terms of number of 
mutations per gamete because it is in no case 
certain that only one locus is involved. T h e  
rates for X-linked traits are higher than most 
of those estimated for autosomal dominant 
traits (Penrose, 1961). Penrose (1961) suggested 
that “perhaps the X-chromosome is peculiar in 
that it has many complex loci or distinct loci 
with similar effects.” For hemophilia there are 
indeed at  least two separate loci invo.lved in the 
estimate of mutation rate given in Table 9. 
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TABLE 9 
Estimates of spontaneous mutation rates for  some X-linked loci 

(after Penrose 1961) 

Trait 

Hemophilia 
Hemophilia 
Hemophilia 
Duchenne muscular dystrophy 
Duchenne muscular dystrophy 
Duchenne muscular dystrophy 
Duchenne muscular dystrophy 

Hutation Rate 
per Million 

Gametes per 
Generation 

20 
32 
27 
95 
60 
43 
47 

Region 

England 
Denmark 
Switzerland and Denmark 
U.S.A. 
Northern Ireland 
England 
England 

Author 

~~ 

Haldane (1947) 
Andreassen (1943) 
Vogel (1955) 
Stephens, Tyler (1951) 
Stevenson (1958) 
Walton (1957) 
Blyth, Pugh (1959) 

For the autosomal recessive traits somewhat 
higher mutation rates are estimated than for 
autosomal dominant traits (Penrose, 1961). 

Frota-Pessoa (1961b) suggested a method by 
which the mutation rate of X-linked loci can be 
determined more directly when a test for the 
heterozygous carrier state is available. H e  could 
find no existing data suitable for application of 
the method but urged the feasibility of collecting 
such data. 

As suggested by Quick (1960), the relative 
frequencies of sporadic cases of hemophilia A 
and hemophilia B give information on the rela- 
tive mutation rate of the two loci, provided one 
assumes that only one X-borne locus is involved 
in  each of these two forms of hemophilia and 
takes into account the relative intensity of selec- 
tion in the two disorders. Since hemophilia 
A is about five times more frequent than he- 
mophilia B (Sj$lin, 1961; Wilkinson, et al., 
1961) and since a greater proportion of hemo- 
philia A cases are sporadic, hemophilia B 
being on the average milder with a higher 
proportion of familial cases, the mutation 
rate for hemophilia A must be several times 
greater than that for hemophilia B. This con- 
clusion also assumes, of course, that the sporadic 
cases of hemophilia B are detected as readily 
as sporadic cases of hemophilia A. T h e  assump- 
tion is probably not true, since as just stated 
hemophilia B is, on the average, a milder dis- 
order. Be this as it may, Ikkala (1960) arrived at  
an estimate of 3.2 x lo-' for the mutation rate 
per X chromosome per generation for hemo- 
philia A, and 0.2 x lo-' for hemophilia B- 
values generally supporting Quick's prediction. 

I n  Drosophila melanogaster Glass and Ritter- 

hoff (1956) found that the mutation rate is 
higher in males than in females, i.e., higher in 
spermatogenesis than in oogenesis. I n  man 
X-linked traits provide a method for study of 
the sex ratio of mutat ion rate .  If mutation oc- 
curs at  a higher rate in females, then one should 
observe an excess of sporadic cases of an X- 
linked recessive trait as compared to familial 
cases, i.e., cases with affected brothers and/or 
maternal uncles and cousins. On the other hand, 
since a recessive mutation in the X chromosome 
of the male can result only in a carrier daughter, 
than an excess of familial cases will be observed 
if the mutation rate is greater in males. Using 
this approach Haldane (1947) concluded that 
the mutation rate for hemophilia may be about 
10 times greater in the male than in the female 
and that a similar male excess occurs in muscular 
dystrophy (Haldane, 1956). T h e  results may, 
however, have been biased by the methods of 
ascertainment; familial cases are more likely to 
be ascertained. Cheeseman and colleagues 
(1958) and Smith and Kilpatrick (1958) could 
find no evidence of sex difference for mutation 
rate in Duchenne type muscular dystrophy and 
the findings of others (Koskower, Christiansen, 
and Morton, 1962) have failed to support the 
suggested difference in hemophilia. 

T h e  sex ratio at fertilization (primary sex 
ratio) is not known but may be (Szontagh, Ja- 
kobovits, and Mkhes, 1961) at  least 1.22 (male/ 
female); the secondary sex ratio (that at birth) 
is of the order of 1.06 in U. S. whites. T h e  figure 
is said (Stern, 1960b, p. 424) to vary from 1.01 
for Cuban Negroes to over 1.13 for natives of 
Greece and Korea. T h e  preferential lpss of male 
zygotes, embryos, and fetuses may be the result 
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in part of lethal X-linked recessive genes. (As 
mentioned in another connection [p. 761, there 
are conditions [eg., No. B2] which may be X- 
linked and result in death of affected males 
in utero.) T o  counteract the loss of genes which 
the theory assumes, new mutations would have 
to occur constantly and/or selective advantage 
of the heterozygous female is required. T h e  
superior viability of the female throughout 
the span from conception to death may be 
merely a special case of heterosis. One can 
visualize the sex-ratio as a balance between 1) 
a greater likelihood for fertilization of an ovum 
by a Y-bearing sperm than by an X-bearing 
sperm, and 2) a lesser viability of the XY or- 
ganism at all stages. 

On certain assumptions, the minimum num- 
ber of genes on the X chromosome can be esti- 
mated from the number of X-linked recessive 
lethals necessary to reduce the primary sex ratio 
to the secondary sex ratio (Spuhler, 1948). T h e  
number of genes thus estimated by Spuhler is 
1000-1500, a value of the same order of magni- 
tude as that in Drosophila melanogaster for 
chromosomes of comparable length. I t  must be 
emphasized that the above approach probably 
gives only a minimal value. Recombination in 
the X chromosomes of the mother and in the 
autosomes in both parents probably results in 
different effects of X-borne genes in different in- 
dividuals. Furthermore, since the value under 
consideration is a relative one, the ratio between 
males and females, heterozygous advantage of 
the female is a possible factor of importance. 
Possibly it is more accurate to think in terms 
of male lethal equivalents, in accordance with 
the method of Morton, Crow, and Muller (1956). 

Frota-Pessoa (196 la)  extended Spuhler’s argu- 
ment and using new data arrived a t  a lower esti- 
mate, namely 340 as the minimum number of 
X-borne loci which mutate to recessive lethals 
and detrimentals acting before birth. 

Such estimates of number of loci were, in the 
view of Goldschmidt (1955, p. 107) suspect or 
even absurd: 

In discussions of my views on the non- 
existence of the corpuscular gene, the follow- 
ing argument is frequently heard. Many 
people have counted the number of genes 
and measured their size with nearly identical 
results. How can something not existing be 
counted and measured? The answer is that 

we can get any answer to questions if the 
proper elements are fed into the question. We 
can calculate the number of people on Mars 
if we assume that the canals are dug by peo- 
ple and that they accomplish as many man 
hours as we do in digging, that slave labor 
prevails on Mars, and so on. 

T h e  above criticism is now only of historical 
amusement because the gene has become (or is 
becoming) a physically defined unit (Demerec, 
1961) with a chemical structure identified even 
to the level of the sequence of bases which en- 
code the genetic information (Crick, Barnett, 
Brenner, and Watts-Tobin, 1961). In  organisms 
more favorable for detailed genetic analysis 
than man it is possible (Demerec, 1961) to de- 
termine the limits of the locus and to enumer- 
ate the sites of which it is composed. (The site 
is the “subunit of the locus, at  which mutation 
may occur but within which recombination has 
not been observed and presumably does not 
occur” (Demerec, 1961).) 

It may be possible to arrive at  an indirect es- 
timate of the number of genes in man on the 
basis of the following information (Dintzis, 1962, 
personal communication, Baltimore): 1) the 
amount of DNA per cell nucleus, and 2) the 
amount of DNA required to encode one poly- 
peptide of average length assuming a triplet 
code, or, alternatively, making use by extrapola- 
tion of the information on the amount of DNA 
which encodes one polypepetide in bacteria. T h e  
amount of DNA in all diploid cells of man is 
approximately 5.5 x 10-l2 gm, (Vendrely, 1955). 
T h e  calculation must take into account the 
weighty body of evidence indicating that the 
human chromosome is multistranded (Steffen- 
sen, 1959, 1961), that is, composed of a hierarchy 
of parallel and genetically identical DNA 
strands, probably 16 in number. T h e  estimates 
arrived at, perhaps of the order of 20,000, are ter- 
ribly crude but probably no cruder than those 
presented on p. 124. 

Little and Gibbons (1921) proposed a test for 
sex-linked lethal genes in man, based on linkage 
with demonstrably X-borne genes. If in  a fam- 
ily with hemophilia a lethal is closely linked 
with the normal allele of hemophilia then some 
nonhemophilic males will die in utero and a 
deficiency of normal brothers will be observed 
among the sibs of hemophiliacs. Ip data on 
hemophilia available to them in 1921, they 
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found 55 1 observed hemophiliacs as compared 
to 457 expected among the brothers of hemo- 
philic probands (p  = lo-'). For color blindness 
the figures were 106 and 90. Corrections for 
ascertainment bias, which might account for the 
observations, were not made. More important, 
there is a fallacy in the approach as originally 
stated. Females who are heterozygous carriers 
for hemophilia and also for the postulated X- 
linked lethal recessive would be of two types: 
those doubly heterozygous in repulsion and 
those doubly heterozygous in coupling. Females 
of the first type should have an excess of hemo- 
philic sons whereas those of the second type 
should have an excess of normal sons. In  a 
collection of sibships these distortions of segre- 
gation in opposite directions should balance 
each other if coupling and repulsion phases are 
equally frequent. Because of the uncertainties 
involved it is doubtful that this type of analysis 
is practicable in man, except possibly by using 
a very frequent X-linked polymorphism such as 
the Xg" blood group. 

Change in the secondary sex ratio among the 
offspring of exposed individuals can be used to 
evaluate mutational effects of ionizing radiation. 
Exposure of the male can probably be expected 
to cause an increase in the sex-ratio, if any 
change at all occurs. Exposure of the female can 
be expected to have a relatively greater effect 
on the sex-ratio of the offspring, a decrease. 
Using this approach Schull and Nee1 (1958) con- 
cluded that the atomic bombing of Hiroshima 
and Nagasaki produced a significant reduction 
in the sex-ratio of the offspring of exposed per- 
sons. Questionnaire studies of the offspring of 
Japanese (Tanaka and Ohkura, 1958) and 
American (Crow, 1955) radiologists and radio- 
logic technicians and of French men and women 
(Turpin, Lejeune, and Rethore, 1956) who had 
received high gonadal doses of X-ray for medical 
reasons had similar results. However, failure of 
return of some questionnaires introduced un- 
certainties in studies of this last type. 

Using the data of Stevenson and colleagues 
(1959) on abortions between the third week and 
birth, Frota-Pessoa and Saldanha (1960) ex- 
tended the method of Spuhler (1948) to an es- 
timation of the spontaneous rate of mutations 
for sex-linked detrimentals in man and of the 
doubling dose of radiation. 

Another use of the sex-ratio to evaluate muta- 

tion rate has been proposed and applied by 
Cavalli-Sforza (1960). He  is determining the sex- 
ratio of the progeny of women and correlating it 
with the age of their father at the time of their 
birth. If sex-linked recessive lethals accumulate 
in gametes with increasing age, the regression of 
the ratio males/females born alive to the wo- 
man, on the age of the woman's father at her 
birth, will be expected to have a negative slope. 
T h e  same regression for the ratio among the 
stillborn should have a positive slope. Prelimi- 
nary analyses yield results consistent with the 
hypothesis (Cavalli-Sforza, 1961). 

.4pparently, no study has been made of 
grandparental age in hemophilia or muscular 
dystrophy, which could be interpreted in rela- 
tion to mutation rate, as Penrose (1955) has 
done for some autosomal disorders. T h e  mater- 
nal grandfather's age at  conception of the 
mother of the proband would be the value of 
interest, among others. 

Selection with regard to X-linked genotypes 
should in  principle be no different from selec- 
tion operating on autosomal genotypes. What- 
ever differences exist are related to the hemi- 
zygous state of the male which excludes the 
occurrence of heterozygote advantage in this 
sex. With transient polymorphism of an X- 
linked character (indicated by asterisk), the sev- 
eral genotypes might bear the following rela- 
tion to each other as to selection advantage: 

X*Y = x * x *  > X"X > xx = XY 

or 

X+Y = x * x *  > x*x = xx = XY 

or 

X"Y = x*x* = x*x > xx = XY 

A balanced polymorphism (Bennett, 1957, 
1958) due to advantage of the heterozygous fe- 
male can be represented thus: 

X*Y = x * x *  < X"X > xx 1 XY 

The  last situation may pertain to the poly- 
morphism for glucose-6-phosphate dehydrogen- 
ase deficiency (Motulsky, 1960), which in the 
heterozygous female (and probably in the hemi- 
zygous affected male as well) appears to confer 
advantage with regard to falciparum malaria 
(Allison and Clyde, 1961; Harris 'and Giles, 
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1961; Siniscalco, Bernini, Latti, and Motulsky, 
1961), whereas the hemizygous affected male and 
the homozygous affected female are prone to 
hemolytic anemia on exposure to chemical (eg., 
fava bean) and possibly biological (e.g., viral) 
agents. Any advantage enjoyed by hemizygous 
enzyme-deficient males toward malaria is prob- 
ably cancelled out (Motulsky, 1961) by their vul- 
nerability to hemolytic anemia in the neonatal 
period (Doxiades, Fessas, and Vales, 1960; 
Weatherall, 1960). Balance in the polymorphism 
must have been maintained largely through the 
advantage of the heterozygous female, which 
probably obtains only in a malarious environ- 
ment. 
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FIG. 33. COEFFICIENT OF INBREEDING AND TYPES OF 
FIRST COUSIN MARRIAGES 

a. Wright (1951) described the modification in his 
method of path coefficients for calculating the co- 
efficient of inbreeding with reference to X-linked 
loci. F = coefficient of inbreeding; FA = coefficient 
of inbreeding of common ancestor. In the examples 
shown here a single common ancestor is assumed in 
the first generation indicated, Le., the two persons in 
the second generation are half-sibs. The figures by 
the symbols are the probabilities that a given X- 
borne gene will be transmitted to the next genera- 
tion. For autosomal loci the coefficient of inbreeding 
is F = (1/2)'(1 + FA) for all three cases. b. The non- 
randomness in consanguineous marriages is indi- 
cated by the figures provided here. From Morton 
(1961). Types 2 and 4 are of particular pertinence to 
X-linkage (see Fig. 33a). 

In the large Swiss kindred of the Tenna dis- 
trict, Rosin, Moor- Jankowski, and Schneeberger 
(1958) found that females who were carriers for 
hemophilia B had more children than did non- 
carrier females. T h e  fitness of male bleeders was 
estimated to be f = 0.64. T h e  fitness of carrier 
females was estimated by three methods yield- 
ing values averaging about 1.22. They suggested 
that the selection against bleeders could be 
largely counter-balanced by the increased fertil- 
ity of carrier females without invoking mutation 
as a mechanism. 

Inbreeding does not alter the frequency of 
X-determined phenotypes in males, since the 
phenotype frequency in males and the gene 
frequency are identical and inbreeding per se 
does not influence gene frequency. However, in 
females homozygosity for X-linked loci results 
from inbreeding, probably with important ef- 
fects, which have been little studied. Most at- 
tention in consanguinity studies has been fo- 
cused on autosomal loci. Wright (1951) de- 
scribed the modification in his method of path 
coefficients to be used in calculating the coeffi- 
cient of inbreeding with reference to X-linked 
loci (Fig. 33a). 

T h e  several types of first cousin marriages are 
not random in their occurrence (Morton, 1955) 
(Freire-Maia, 1957). Depending on the religious, 
social, and economic structure of the population, 
certain of the four possible types (Fig. 33b) 
occur in a frequency out of proportion to the 
expected 1 : 1 : 1 : 1 ratio. Types 2 and 4 are ob- 
viously those pertinent to the study of consan- 
guinity and X-linked loci. In some endogamous 
populations of India (Sanghvi, Varde, and Mas- 
ter, 1956) first cousin marriages of Type 4 occur 
very frequently (8 per cent or more of all mar- 
riages) and are, in fact, the most frequent form of 

U.S., CHICAGO 

BRAZIL 

INDIA 80  

GREAT BRITAIN 32 

FIG. 33b. 
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close consanguineous mating. Uncle-niece mat- 
ings between a man and the daughter of his sister 
are also frequent and obviously are also perti- 
nent to X-linkage. A comparison of the results 
of such matings with those of other t y p e  of 
consanguineous and nonconsanguineous matings 
would be of interest. 

Evolution and the X chromosome.  If sex- 
determining factors are scattered throughout 
the X and Y chromosomes, evolutionary ad- 
vantage would accrue from isolation of the two 
chromosomes through restriction in crossing 
over between them. This point was already dis- 
cussed (p. 102) in connection with the cytologic 
and genetic evidence on partial sex linkage. 
Kalmus and Smith (1960) analyzed the matter 
of the evolutionary origin of sex differentiation. 
Furthermore, they pointed out why and when 
a 1: 1 sex ratio might be advantageous and the 
mechanism by which it might have arisen. T h e  
evolution of the morphology of the X chromo- 
some is likely to become much better known 
through work such as that by Chu and Bender 
(1961) on primates. 

Furthermore, when one notes the drastic ef- 
fects of trisomy of even smaller autosomes and 
the fact that no monosomy of an autosome is 
known in man, whereas X chromosome aneu- 
ploidy is quite compatible with life despite the 
considerable amount of genetic information 
carried by the X chromosome, one is impressed 
with the likelihood that in evolution a mecha- 
nism has developed for compensating for the 
monosomic state of the X chromosome in the 
normal male, or viewed conversely, for the poly- 
somic state of the X chromosome in the normal 
female (p. 123). 

T h e  question of a disproportionately large 
number of ocular traits determined by genes on 
the X chromosome was raised on p. 90. Modern 
theories of the evolution of the genetic material 
through duplications and divergence by inde- 
pendent mutation ( Ingam and Stretton, 1961) 
are consistent with the concentration of groups 
of traits in particular chromosomes, but as was 
pointed out (loc. cit.) no clear evidence of a 
clustering effect in the X chromosome is at 
hand. 

Genetic counselling has fallen into ill repute 
with many geneticists and has in the view of 
some (Morton 1961) “received more encourage- 
ment than is altogether wise at the present state 

of development” of knowledge in the area. One 
aspect of genetic counselling, genetic prognosis, 
is a legitimate phase of medical practice. Clinical 
medicine resolves itself into three questions 
(Bradford Hill, 1961, personal communication, 
London): What is wrong with the patient? What 
can and should be done about it? What is going 
to happen? (A fourth question, why did it hap- 
pen, is also the physician’s responsibility.) In  
genetic prognosis the question, what is going 
to happen, usually refers to the offspring of the 
person counselled. As with other types of medi- 
cal problems, e.g., cancer, the matter of how 
much and what prognostic information should 
be given requires nice judgment of human 
nature and often demands more knowledge of 
the risks involved than is available. The  objec- 
tive of genetic counselling (in the restricted 
sense of genetic prognostication) is to no sig- 
nificant extent eugenic. Its purpose is rather 
to prevent, insofar as possible, physical suffering 
of affected individuals and emotional and eco- 
nomic burdens to their relatives and society. 

Genetic counselling in regard to X-linked 
traits has certain special problems. What is to be 
told the sister of a male with sporadic hemo- 
philia? What is the risk that the brother’s dis- 
ease is not the consequence of new mutation 
but rather that the mother was the new mutant 
and the sister a carrier? Binet, Sawers, and 
Watson ( 1  957) addressed themselves to this mat- 
ter and provided a mathematical treatment. 
Unfortunately, in the individual case the prob- 
lem remains a difficult one. 

THE Y CHROMOSOME OF MAN 

Before concluding it might be noted paren- 
thetically that the Y chromosome of man ap- 
pears to carry little specific genetic information. 
It is not as complete a dummy as previously 
thought from analogy to Drosophila,  since the 
male sex phenotype is dependent on its presence 
(p. 103). T h e  unlikelihood that a part (at least, 
any significant part) of the Y chromosome is 
homologous to some part of the X chromosome 
has been commented on (p. 102). Traits previ- 
ously thought to be determined by genes on the 
Y chromosome and present in all males in a 
direct line of descent, cases of so-called holandric 
inheritance (Fig. 34), have not stood up to in- 
tense scrutiny (Stern, 1957; Penrose. and Stern, 
1958). An exception (Fig. 35) may be the trait 
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FIG. 34. IDEALIZED PEDIGREE PATTERN OF HOLANDRIC 
(Y-LINKED) TRAIT 

“hairy ears” (Dronamraju, 1961; Dronamraju 
and Haldane, 1962; Sarker, et  al., 1961). In  mice 
there appear to be histocompatibility genes on 
the Y chromosome (Hauschka, 1955); in some 
inbred strains skin grafts from males to females 
are rejected although the reciprocal graft is 
successful (Eichwald and Lustgraff, 1961; Eich- 
wald, Silsmen, and Wheeler, 1957). In  man the 
possibilities of testing €or such genes in  the Y 
chromosome are limited since two individuals 
genetically identical except €or the presence or 
absence of the Y chromosome are required. Tur-  
pin and colleagues (1961) and Lejeune and 
Turpin (1961) have described identical twins, 
one of whom was a case of XO Turner  syn- 
drome and the other a normal XY male. Pre- 
sumably the Y chromosome was lost in an early 
stage of cleavage in the cells which went to form 
the XO twin. Reciprocal grafts were in each 
case accepted satisfactorily. O n  the basis of this 
evidence alone no histocompatibility genes can 
be identified on the Y chromosome of man. O n  
the other hand, histocompatibility genes are not 
excluded €or the additional reason that inter- 
fetal circulatory connections are not rare in  
uniovular twins and might have led to induction 
of immune tolerance in  this pair of twins. 

Renkonen, Makela, and Lehtovaara (1962) 
mentioned the possibility that the immunization 
of a certain number of mothers to Y chromo- 
some-determined antigens might be responsible 
for the fact that the sex-ratio shows a decline 
with birth order. Szilard (1960) pointed out this 
phenomenon but suggested a different explana- 
tion. 

Tha t  the Y chromosome contains little genetic 
information is further suggested by the observa- 
tion (Hauschka, et al., 1962) of a fertile XYY 

male with average intelligence and no obvious 
defect related to the aneuploidy. On the other 
hand, the rarity of XO males (Le., an XX-XO 
sex determining mechanism) in mammals 
(White, 1960) is evidence again of the vital 
importance of the Y chromosome to sex deter- 
mination. Possibly the XX-XY sex mechanism 
is related to the viviparous state in mammals. 
Maintenance of distinctive differences through 
isolation of the genetic material into X and Y 
chromosomes would seem to be more important 
to viviparity which probably demands greater 
reproductive specialization of the sexes than 
is necessary in non-viviparous species. Rather 
marked variability in  the size of the Y chromo- 
some without evident phenotypic influence also 
suggests relative genetic emptiness. 

Although little specific information is borne 
by the Y chromosome, nonspecific properties of 
heterochromatin (see p. 122) and other observa- 
tions would suggest that the Y chromosome does 
have functional significance in addition to that 
involved in  sex determination. I n  part some of 
the male-female differences commented on ear- 
lier (p. 123) may have their basis in positive 

FIG. 85. HAIRY EARS . 
From Dronamraju (1961) 
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effects of the Y chromsome. Tanner and col- 
leagues (1959) found that skeletal age in XXY 
males corresponds to that of XY males whereas 
skeletal age of XO females corresponds to that 
of XX females. From before birth until adult- 
hood the female is ahead of the male in skeletal 
development and other features of physical 
development. These workers suggest that the 
double dose of the X chromosome is responsible 
for less mesomorphy in females through a n  in- 
hibiting action on muscular differentiation and 
development. The effect of the Y chromosome 
in causing differentiation of the primitive gonad 
into a testis is evident a t  about 7 weeks of age. 
Retardation in the male as compared with the 
female becomes evident a t  about the same time. 
The growth phenomena may, therefore, be 
related to the differentiation of the testis which 
in  turn is determined by presence of the Y 
chromosome. 
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Appendix 

A CATALOG OF X-BORNE MUTATIONS IN MAN 

X-linkage of the traits listed in A is considered 
quite certain. X-linkage of those listed in B is 
less certain. Some will probably be proved not to 
be X-linked. Those listed in C have been shown 
quite clearly not to be X-linked. Discussion of 
them is included here, because X-linkage has been 
suggested and the traits are sometimes cited im- 
properly in lists of X-linked traits. 

The order in the listings is largely arbitrary. The 
only system used was to list more frequent traits 
first and to cluster traits by organ system to a con- 
siderable extent. 

In addition to a “thumbnail” description of the 
trait, the information given in each case usually 
includes 1) some indication of frequency, 2) de- 
scription of manifestations in heterozygous females, 
and 3) a statement on the existence of autosomal 
genocopies. 

A. Mutations for which X-linkage is considered 
proved or very likely. 

See text, p. 96. 
In Western Europeans about 8 per cent of 

males are color blind; of these about 75 per 
cent have a defect in the deutan series and 
about 25 per cent have a defect in the protan 
series. 

See text, p. 96. 
The two-locus hypothesis for color blind- 

ness is supported by three sets of observa- 
tions: 

a. The relative frequency of color blind- 
ness in males and females is most consistent 
with the existence of two loci. Given a fre- 
quency of color-blind males of .OS and a 
total gene frequency for color blindness 
also of .OS, then on a one-locus hypothesis 
the frequency of color-blind females should 
be or .64 per cent. On a two-locus 
hypothesis, with the protan and deutan 
series representing 25 and 75 per cent, re- 
spectively, then the frequency of color- 
blind females should be less, assuming that 
doubly heterozygous females are normal: 

1. Partial color blindness, deutan series. 

2 .  Partial color blindness, protan series. 

Females color-blind for protan 

Females color-blind for deutan 
series - .02 x .02 = .04% 

series - .06 x .06 = .36% . -  
.4 % 
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(The expected frequency of doubly hetero- 
zygous females is the product of the fre- 
quencies of singly heterozygous females- 
(2 x .02 x .98) (2 x .06 x .94), or 0.0044). 
In fact, the data on relative frequency of 
color blindness in males and females col- 
lected in Norway by Waaler and in Switzer- 
land by von Planta agree with the values 
predicted by a two-locus theory. 

PLANTA, P. VON. 1928. Die Haufigkeit 
der angeborenen Farbensinnstorungen 
bei Knaben und Madchen und ihre 
Feststellung durch die iiblichen klini- 
schen Proben. Graefes Arch. Oph-  
thalmol., 120: 253-281. 

WAALER, G. H. M. 1927. Uber die Erb- 
lichkeitsverhaltnisse der verschiedenen 
Arten von angeborener Rotgriinblind- 
heit. Z. Abstgs. Vererbgsl., 45: 279. 

b. The two-locus theory is also supported 
by the fact that females who by the nature 
of the color-vision defect in their sons are 
known to carry genes for both types of 
color blindness usually do not show a de- 
fect in color-vision. This is essentially the 
complementarity test of allelism (p. 88). 

c. The pedigree of Vanderdonck and 
Verriest (p. 96) indicates independent as- 
sortment of deutan and protan genes 
among the offspring of a doubly heterozy- 
gous female. 

The Nagel anomaloscope, used in de- 
termination of the type of color blindness, 
consists of a viewing tube with a circular 
bipartite field, one half illuminated with 
yellow and the other half with a mixture of 
green and red. The yellow half is not vari- 
able except in brightness. The other half 
can be varied continuously from red to 
green. The subject’s color sense is tested 
by having him mix colors in the variable 
half-field until he achieves a subjective 
match to the yellow field. Certain color 
combinations are considered normal 
whereas specific differences from the nor- 
mal indicate the type and degree of anom- 
alous color-vision. 

Ishihara plates alone are unreliable in 
distinguishing deutan and protan types. 
Although the Nagel anomaloscope is the 
“last court of appeal” in making the dif- 
ferentiation, it is expensive, time-consum- 
ing, difficult for unsophisticated subjects, 
and, of course, not usable “in the field.” 
Two “book” tests, the Tokyo Medical Col- 
lege test and the AO-HRR (Hardy-Rand- 
Rittler pseudoisochromatic plates), espe- 
cially when used together, represent 

probably the methods which are both the 
easiest and the most reliable now available 
(Sloan, 1961). 

Identification of a small proportion of 
deuteroheterozygotes is possible by means 
of the luminosity quotient, determined by 
a modification of the Nagel anomaloscope 
designed by Crone. Most cases of proto- 
heterozygotes can be identified as such 
with a high degree of certainty using this 
method. (See Fig. 36.) ’ 

CRONE, R. A. 1959. Spectral sensitiv- 
ity in color-defective subjects and het- 
erozygous carriers. A m .  J .  Ophthal- 
mol., 48: 231-238. 

SCHMIDT, I. 1955. A sign of manifest 
heterozygosity in carriers of color de- 
ficiency. A m .  J .  Optometry, 32: 404. 

SLOAN, L. L. 1961. Evaluation of the 
Tokyo Medical College Color Vision 
Test. Am. J .  Ophtnalmol., 52: 650- 
659. 

3.  Total color blindness 
Associated features are nystagmus, myopia, 

and astigmatism. Vision is best in dim light; 
squinting improves vision. Minor fundus 
changes are sometimes observed but would 
be discounted as normal variation if the de- 
fect in color-vision and visual acuity were 
not known. Total color blindness is probably 
more common than realized. There is good 
evidence that color-vision is sometimes nor- 
mal in early life and lost later. Phenotypically 
there is no clear evidence of heterogeneity in 
the general category of achromatopsia. How- 
ever, genetically the finding of unmistakable 
X-linked inheritance in the family studied by 
Spivey and Opitz indicates heterogeneity; in 
most cases the disorder appears to be inher- 
ited as an autosomal recessive. Allelic rela- 
tionship of the X-linked form with the varie- 
ties of partial color blindness is unknown. 

FRAN~OIS, J., G. VERRIEST, and A. DEROUCK. 
1955. L’achromatopsie congenitale. Doc. 
Ophthalmol., 9: 338-424. 

OPITZ, J. M. 1961. Introduction to medi- 
cal genetics. Part one. J .  Iowa State 
Med.  SOC., 51: 393. 

SLOANE, L. L. 1954. Congenital achroma- 
topsia; a re ort of 19 cases. J .  Opt .  SOC. 
Am.,  44: ll!. 

SPIVEY, B. E., Iowa City. Personal communi- 
cation. 

4. Glucose-6+hosphate dehydrogenase defi- 

There is reason to think that at least four 

a. Primaquine-sensitivity fG6PD-defi- 
ciency) in Africans. In hemizygous affected 

ciency 

X-linked mutations involving G6PD exist: 
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E 

males the enzyme level in erythrocytes and 
other tissues is not as markedly depressed 
as in the second type. 

b. Favism (GGPD-deficiency) in Medi- 
terranean peoples. Very low enzyme levels 
are observed in both erythrocytes and leu- 
cocytes of affected hemizygous males 
(Marks and Gross). 

c. Non-spherocytic hemolytic anemia due 
to G6PD-deficiency. Anomalous properties 
of the enzyme have been identified (Kirk- 
man, Riley, and Crowell). 

d. Electrophoretic variants of G6PD 
have been identified by Boyer and col- 
leagues, by Kirkman, and by Marks. 

Although linkage studies in man cannot 
provide absolute proof of allelism, non- 
allelism can be demonstrated @. 88). 
Linkage studies to date are consistent with 
the view that all four of these mutations 
are at the same genetic locus. 

Yet further heterogeneity is suggested by 
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FIG. 36. THE LUMINOSITY QUOTIENT 

The luminosity quotient as a method for distin- 
guishing deutan and protan color blindness (a) and 
for identification of heterozygous carriers (b). The 
quotient is the ratio of the luminosity of green and 
red monochromatic light: 

V(0.530 p) 

V(0.650 p) 

Most protan heterozygotes can be identified. A few 
deutan heterozygotes can be identified with some 
certainty. From Crone (1959). 

findings with regard to "stromal activa- 
tion." In Israel Rimon and co-workers (1960) 
presented data suggesting the absence of a 
stromal activator in patients with GGPD- 
deficiency. In the Melanesian population of 
New Guinea, Kidson and Phillips found 
heterogeneity. In the blood of 25 of 32 
G6PD-deficient subjects activation occurred 
when normal erythrocyte stroma was added, 
whereas such did not occur in the remain- 
ing seven. 

CHILDS, B., W. H. ZINKHAM, E. A. 
BROWNE, E. L. KIMBRO, and J. V. TOR- 
BERT. 1958. A genetic study of a de- 
fect in glutathione metabolism of the 
erythrocyte. Bull. Johns Hopkins 

KIDSON, C., and J. G. PHILLIPS. 1962. 
Mechanisms underlying glucose-& 
phosphate dehydrogenase deficiency: 
heterogeneity of response to stromal ac- 
tivation in erythrocytes. Biochem. 
Biophys. Res. Commun., 7: 268-271. 

KIRKMAN, H. N. 1962. Electrophoretic 
differences of human erythrocytic glu- 
cose-6-phosphate. (Abstract) A.M.A. J .  
Diseases Children, to be published. 
c_ , H. D. RILEY, JR., and B. B. CROWELL. 

1960. Different enzymic expressions of 

H o s ~ . ,  102:21-37. 

4 5 6 7 8 9 1 0  15 20 25 
1 ' ~ I ' I " " ' ~  I 1 1 1  I l l 1  1 1 1 1  

0 0  
douteroheterozygotes 

0 0  

0 0 0  

0 0 0  1 0 0 0  

pmtoheterozygotcr 
5 1  0 0 0 0  

0 0 0 0  \ 0 

0 0 0 0 0  0 0 0 0 0 0  

:: * I  0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0  00 

I 1 I I I I I I I  

I I I I I l l  

I I I  I l l 1  

a I I I I I  

normal homo-  

I I I and hemizygotes 
I l l  

I I I  

I I I  

I I I  

I t  

I 



136 T H E  QUARTERLY REVIEW OF BIOLOGY 

mutants of human glucose-6-phos- 
phate dehydrogenase. Proc. Natl .  Acad. 
Sci. U .  S.,  46: 938-944. 

MARKS, P. A., J. BANKS, and R. T. GROSS. 
1962. Genetic heterogeneity of glu- 
cose-6-phosphate dehydrogenase defi- 
ciency. Nature, 194: 454456. 

-, and R. T. GROSS. 1959. Erythro- 
cyte glucose-6-phosphate dehydrogen- 
ase deficiency; evidence of difference 
between Negroes and Caucasians with 
respect to this genetically determined 
trait. J .  Clin. Invest., 38: 2253-2262. 

RIMON, A., I. ASKENAZI, B. RAMOT, and 
C. SHEBA. 1960. Activation of glu- 
cose-6-phosphate dehydrogenase of en- 
zyme deficient subjects. I. Activation 
by stroma of normal erythrocytes. 
Biochem. Biophys. Res. Commun., 2: 

SZEINBERG, A., C. SHEBA, and A. ADAM. 
1958. Selective occurrence of gluta- 
thione instability in red blood corpus- 
cles of the various Jewish tribes. 
Blood, 13: 1043-1053. 

138-141. 

The X g  blood group system 
The antigen called Xg“ behaves as an X- 

linked dominant. It was found in 89 per cent 
of 188 Caucasian females and in 62 per cent 
of 154 males. The antiserum was derived 
from a patient with hereditary hemorrhagic 
telangiectasia who had received many trans- 
fusions. The antigen is well developed at 
birth. In the few Negroes tested the pheno- 
type frequencies seem to be about the same 
as in Caucasians. “Evidence is accumulating 
that homozygotes react as strongly as hemi- 
zygotes and more strongly than heterozy- 
gotes.” 

The discovery of the Xg” blood group is of 
great potential use to genetics especially for 
study of linkage and determination where 
non-disjunction occurs leading to X chromo- 
some aneuploidy. 

MANN, J. D., A. CAHAN, A. G. GELB, N. 
FISHER, J. HAMPER, P. TIPPETT, R. SANGER, 
and R. R. RACE. 1962. A sex-linked 
blood group. Lancet, 1: 8-10. 

Pseudohypertrophic progressive muscular 
dystrophy, Duchenne type 

Usually the onset is before age six and the 
victim is chair-ridden by age 12 and dead 
by age 20. The myocardium is affected. An 
autosomal recessive form of muscular dys- 
trophy can closely simulate the sex-linked 
form but the myocardium is probably not 
affected . 

Chung, Morton, and Peters, among others, 
have concluded that a minority of heterozy- 
gous female carriers have an increase in se- 

rum aldolase and even fewer have physical 
disability and creatinuria. Leyburn, Thom- 
son and Walton, on the other hand, could 
demonstrate no abnormality of creatine and 
creatinine excretion or of serum levels of 
aldolase and transaminases in carrier females. 
Serum phosphocreatine kinase (creatine phos- 
phokinase) is elevated beyond the normal 
range in many female carriers, according to 
Shapiro and colleagues and Aebi and col- 
leagues. 

AEBI, U., R. RICHTERICH, J. P. COLOMBO, 
and E. Ross~. 1961-1962. Progressive 
muscular dystrophy. 11. Biochemical 
identification of the carrier state in the 
recessive sex-linked juvenile (Duchenne) 
type by serum creatine-phosphokinase de- 
terminations. Enzymol. Biol. Clin., l: 
61-74; Helv.  Paediat. Acta, 16: 543-564. 

CHUNG, C. S., N. E. MORTON, and H. A. 
PETERS. 1960. Serum enzymes and ge- 
netic carriers in muscular dystrophy. 
A m .  J .  Human Genet., 12: 52-66. 

LEYBURN, P., W. H. S. THOMSON, and J. N. 
WALTON. 1961. An investigation of the 
carrier state in the Duchenne type of 
muscular dystrophy. Ann. Human Ge- 
net., 25: 4149. 

MORTON, N. E., and C. A. CHUNG. 1959. 
Formal genetics of muscular dystrophy. 
A m .  J .  Human Genet., 11: 360-379. 

SCHAPIRO, E., J. C. DREYFUS, G. SCHAPIRA, 
and J. DEMOS. 1960. Rev. franc. Etudes 
Clin. Biol., 5: 990-994. 

SKYRING, A. P., and V. A. MCKUSICK. 1961. 
Clinical, genetic and electrocardiographic 
studies of childhood muscular dystrophy. 
A m .  J .  Med.  Sci., 242: 534-547. 

7. Progressive muscular dystrophy, tardive type 
of Becker 

The onset is often in the 20’s and 30’s and 
survival to a relatively advanced age is fre- 
quent. Several affected males in Becker’s 
large kindred had produced children in many 
instances and the resulting pedigree pattern 
was consistent with X-linked inheritance. 
Others (ref. below) have described such fami- 
lies. Allelism with the Duchenne type is pos- 
sible. Linkage studies might establish non- 
allelism as in the case of hemophilias A and 
B (p. 95). 

BECKER, P. E. 1957. Neue Ergebnisse der 
Genetik der Muskeldystrophie. Acta ge- 
net. Statist. Med.,  7: 303-310. 

-. 1955. Eine neue X-chromosomale 
Muskeldystrophie. Acta Psychiat. Neu- 
rol. Scarid., 193: 427. 

BLYTH, H., and R. J. PUGH. 1959. Mus- 
cular dystrophy in childhood. Ann. Hu- 
man Genet., 23: 127-163. 

DREIFUSS, F. E., and G. R. HOGAN. 1961. 
Survival in X-chromosomal muscular dys- 
trophy. Neurology, 11: 7.54-741. 
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8. Hemophilia A 
Classical hemophilia is the result of a he- 

reditary defect in antihemophilic globulin 
(Factor VIII). A partial deficiency in hetero- 
zygous carriers has been demonstrated by the 
following workers, among several: 

RAPAPORT, S. I., M. J. PATCH, and F. J. 
MOORE. 1960. Antihemophilic globulin 
levels in carriers of hemophilia A. J. 
Clin. Invest., 39: 1619-1625. 

NILSSON, I. M., M. BLOMBACK, 0. RAMGREN, 
and I. v. FRANCKEN. 1962. Hemophilia 
in Sweden. 11. Carriers of hzmophilia A 
and B. Acta Med.  Scand., 171: 223-235. 

Alexander and Goldstein (1. Clin. Invest., 
32: 551, 1953) first noted low levels of Factor 
VI11 in cases of Willebrand’s disease (“vascu- 
lar hemophilia”), an autosomally inherited 
disorder. This was confirmed by other work- 
ers including Nilsson and colleagues (Acta 
med. scand., 159: 35, 1957), who studied 
Willebrand’s original family in the r%land Is- 
lands. Thus, an autosomal locus seems also 
involved in some way in Factor VI11 forma- 
tion. The situation is apparently complicated 
because the prolonged bleeding time in Wille- 
brand’s disease can be corrected by plasma 
lacking Factor VI11 activity. 

The possible allelic relationship of mild 
Factor VI11 deficiency is suggested by families 
such as that of Graham and collegues (Am. J .  
Med. Sci., 225: 4f5-53, 1953) and that of 
Bond and colleagues (New Engl. J. Med.,  266: 
220-223, 1962) in which the carrier females as 
well as hemizygous males showed depression 
of Factor VI11 levels and sometimes clinical 
hemophilia, although the levels of Factor 
VIII were not as low as in hemizygous af- 
fected males. Sutton (in Metabolic Basis of Zn- 
herited Disease, Stanbury, et al., editors, 1960) 
and Woolf (Nature, 194: 609, 1962) have made 
the interesting suggestion that in man as in 
bacteria feedback repression, operating at  the 
level of the gene or at the level of RNA, may 
be involved in setting the rate of protein syn- 
thesis. Specifically, if a mutation is of a type 
in which no protein of a particular type is . _  
formed, then no abnormality in level would 
be expected in heterozygotes. On the other 
hand, if a “warped molecule” is synthesized as 
a result of the mutation, then feed-back re- 
pression might occur even though the mole- 
cule was defective in the performance of its 
physiologic function. Sutton and Woolf sug- 
gested that the findings in the heterozygote for 
mild hemophilia fit the latter model, whereas 
those of severe hemophilia may fit the first 

model. The concept is compatible with the 
Lyon hypothesis and quite independent of it. 

Christmas disease is the result of a heredi- 
tary defect in Factor IX (PTC; plasma throm- 
boplastic component). Linkage studies sug- 
gest that the genes responsible for hemophilias 
A and B are not allelic. 

9. Hemophilia B 

WHITTAKER, D. L., D. L. COPELAND, and 
J. B. GRAHAM. 1962. Linkage of color 
blindness with hemophilias A and B. 
A m .  J. Human Genet., 14: 149-158. 

Blackburn and colleagues described two un- 
related girls with Christmas disease (PTC de- 
ficiency) and a “primary” vascular abnormal- 
ity. In both instances all other members of 
the family were normal. This may be a situ- 
ation comparable to the combination of 
AHG and vascular defects in Willebrand’s 
disease. 

BLACKBURN, E. K., J. H. MONAGHAN, H. 
LEDERER, and J. M. I MACFIE. 1962. 
Christmas disease associated with pri- 
mary capillary abnormalities. Brit. Med.  
J. ,  1: 154-156. 

The combination of Factor IX with Factor 
VI1 deficiency in an X-linked pattern of in- 
heritance was described by several workers 
(e.g., Nour-Eldin and Wilkinson). However, 
Verstraete, Vermylen and Vandenbroucke 
found Factor VI1 deficiency in all affected 
males of four families with Christmas disease 
and suggested that it is a consistent second- 
ary phenomenon. By the latter view no sepa- 
rate mutation for the combined defect need 
be postulated. 

NOUR-ELDIN, F., and J. F. WILKINSON. 1959. 
Factor-VI1 deficiency with Christmas dis- 
ease in one family. Lancet, 1: 1173- 
1176. 

VERSTRAETE, M., C. VERMYLEN, and J. VAN- 
DENBROUCKE. 1962. Hemophilia B asso- 
ciated with decreased factor VI1 activity. 
Am. J .  Med.  Sci., 243: 20-26. 

10. Agammaglobulinemia 
Patients are unusually prone to bacterial 

infection but not to viral infection. A clinical 
picture resembling rheumatoid arthritis de- 
velops in many. Before antibiotics, death oc- 
curred in the first decade. 

GARVIE, J. M., and A. C. KENDALL. 1961. 
Congenital agammaglobulinemia. Brit. 
Med. J. ,  1: 548-550. 

JANEWAY, C. A., L. APT, and D. GITLIN. 
1953. Agammaglobulinemia. Trans. As- 
SOC. Am. Physicians, 66: 200. 
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In the more usual X-linked form of the 
disease plasma cells are lacking. A rarer form 
of agammaglobulinemia (Hitzig and Willi, 
1961), which appears to be inherited as an 
autosomal recessive, shows marked depression 
of the circulating lymphocytes and lympho- 
cytes are absent from the lymphoid tissue. 
The alymphocytotic type is even more viru- 
lent than the X-linked form leading to death 
in the first 18 months after birth, from severe 
thrush, chronic diarrhea, and recurrent pul- 
monary infections. 

HITZIC, W. H. and H. WILLI. 1961. He- 
reditiire lympho-plasmocytare Dysgenesie 
(“Alymphocytose mit Agammaglobulina- 
mie”). Schweiz. Med.  Wchnschr. 91: 1625- 
1633. 

11. Hurler syndrome 
The form of the Hurler syndrome (gargoyl- 

ism) which is sex-linked differs from the 
autosomal type in being on the average less 
severe and in not showing clouding of the 
cornea. (J. F. Van Pelt reports slight corneal 
opacities in a 3-year-old boy in a family in 
which 12 males in two generations were af- 
fected. Nijmegen thesis: “Gargoylism,” 153 
pp., 1960.) Features are dysostosis with 
dwarfism, grotesque facies, hepatospleno- 
megaly from mucopolysaccharide deposits, 
cardiovascular disorders from mucopolysac- 
charide deposits in the intima, mental re- 
tardation, deafness, excretion of large amounts 
of certain mucopolysaccharides in the urine. 

MCKUSICK, V. A. 1960. Heritable Dis- 
orders of Connective Tissue. c. V. Mosby 
Co., St. Louis. (2nd edition.) 

12. Late spondylo-epiphyseal dysplasia 
This disorder has some similarities to the 

Brailsford-Morquio syndrome which in clas- 
sic form is inherited as an autosomal reces- 
sive. The trunk is particularly short and the 
hips show degenerative disease. Changes in 
the spine and hips become evident between 
10 and 14 years of age. 

BARBER, H. S. 1960. An unusual form of 
familial osteodystrophy. Lancet, 1: 1220- 
1221; 2: 154-155. 

JACOBSEN, A. W. 1939. Hereditary osteo- 
chondro-dystrophia deformans. A family 
with twenty members affected in five gen- 
erations. J .  A m .  Med.  Assoc., 113: 121- 
124. 

LAMY, M., and P. MAROTEAUX. 1960. Les 
chondrodystrophies gknotypiques. L’Ex- 
pansion. Paris. Pp. 67ff. 

MAROTEAUX, P., M. LAMY, and J. BERNARD. 
1957. La dysplasie spondylo-epiphysaire 
tardive. Presse Mdd., 65: 1205-1208. 

13. Aldrich syndrome 
The manifestations are eczema, thrombo- 

cytopenia, proneness to infection, and bloody 
diarrhea. Death occurs before age 10. 

ALDRICH, R. A., A. G. STEINBERC, and D. C. 
CAMPBELL. 1954. Pedigree demonstrat- 
ing a sex-linked recessive condition char- 
acterized by draining ears, eczematoid 
dermatitis and bloody diarrhea. Pediat- 
rics, 13: 133-139. 

GELZER, J., and C. GASSER. 1961. Wiskott- 
Aldrich-Syndrome. Helv.  Paediat. Acta, 

KRIVIT, W., and R. A. GOOD. 1959. Ald- 
rich’s syndrome (thrombocytopenia, ec- 
zema and infection in infants). A.M.A. 
J .  Diseases Children, 97: 137-153. 

STEINBERG, A. G. 1959. Methodology in 
human genetics. J. Med. Educ., 34: 315- 
334. 

16: 17-39. 

14. Hypophosphatemia 
Low serum phosphorus with vitamin D 

resistant rickets behaves as a sex-linked domi- 
nant trait. Heterozygous females have on the 
average less pronounced depression of serum 
phosphate and less severe skeletal change. 
Affected persons show a reduction in renal 
phosphate T m  to about 50 per cent of nor- 
mal. Males and females are not significantly 
different in this respect. It is unsettled 
whether the basic defect concerns 1) renal 
resorption of phosphate, or 2) intestinal ab- 
sorption of calcium with secondary hyper- 
para thyroidism. 

BLACKARD, W. G., R. R. ROBINSON, and J. E. 
WHITE. 1962. Familial hypophospha- 
temia: report of a case with observations 
regarding pathogenesis. New Engl. J .  
Med., 266: 899-905. 

WINTERS, R. W., J. B. GRAHAM, T. F. WIL- 
LIAMS, V. W. MCFALL, and C. H. BURNETT. 
1958. A genetic study of familial hypo- 
phosphatemia and vitamin D resistant 
rickets with a review of the literature. 
Medicine, 37: 97-142. 

15. Hypoparathyroidism 
Peden’s family showed neo-natal true idio- 

pathic hypoparathyroidism. She suggested 
that most familial cases of early onset are of 
the X-linked type. The autosomal variety 
has a later onset. No affected males repro- 
duced in Peden’s family and probably not in 
others of the X-linked type. 

PEDEN, V. N. 1960. True idiopathic hypo- 
parathyroidism as a sex-linked recessive 
trait. A m .  J .  Human Genet., 12: 323- 
337. 

16. Nephrogenic diabetes insipidus . 
The defect concerns the ability of the 
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17. 

renal tubule to respond to antidiuretic hor- 
mone. A partial defect is demonstrable in 
females. 

CARTER, C. O., and M. J. SIMPKISS. 1956. 
The carrier state in sex-linked nephro- 
genic diabetes insipidus. Lancet, 2: 1069- 
1072. 

Neurohypophyseal type of diabetes insipidus 
In addition to the X-linked forms of dia- 

betes insipidus, autosomal dominant forms 
also exist. Forssman had five families: two 
probably autosomal and three X-linked. Of 
the three X-linked families, one was of the 
pitressin-resistant type, whereas the other two 
families were susceptible. The latter two fami- 
lies presumably represent the neurohypophys- 
eal type. 

FORSSMAN, H. 1955. Two different muta- 
tions of the X-chromosome causing dia- 
betes insipidus. A m .  J .  Human Genet., 

. 1945. An hereditar diabetes in- 
7: 21-27. 

s i p i d u s .  Acta Med.  Scand, Suppl. 159. 

18. Lowe’s oculo-cerebro-renal syndrome 
The features are hydrophthalmia, cataract, 

mental retardation, vitamin D resistant rick- 
ets, aminoaciduria, and reduced ammonia 
production by the kidney. Streiff and col- 
leagues suggested X-linkage because all cases 
are male and affected brothers have been 
described. In one case two brothers and a 
cousin (the mothers were sisters) were af- 
fected. 

LOWE, C. U., M. TERREY, and E. A. MAC- 
LACHLAN. 1952. Organicaciduria, de- 
creased renal ammonia production, hy- 
drophthalmos, and mental retardation. 
A.M.A. J .  Disease Children, 83: 164-184. 

-. 1960. Oculo-cerebro-renal  syn- 
drome. Maandschr. Kindergeneesk., 28: 
77. 

STREIFF, E. B., W. STRAUB, and L. GOLAY. 
1958. Les manifestations oculaire du syn- 
drome de Lowe. Ophthalmologia, 135: 
632-639. 

19. Hypochromic anemia 
This condition was first described by 

Cooley, who also first described thalassemia. 
He pointed out possible X-linkage in a fam- 
ily in which 19 males in five generations were 
affected, with transmission through unaf- 
fected females. Rundles and Falls reported 
two families, of which one was the same as 
that reported by Cooley. 

Hypochromic anemia has, of course, other 
causes, notably iron deficiency. What is re- 
ferred to here are the rare cases in which it 

is hereditary. The condition is also known 
as hereditary iron-loading anemia (Byrd and 
Cooper). The features include: a) anemia de- 
tected first in childhood in some cases; b) 
death from hemochromatosis at a relatively 
young age, with the number of transfusions 
inadequate to account for the hemochroma- 
tosis; c) hyperferricemia; and d) abundance 
of siderocytes in peripheral blood after sple- 
nectomy. Somewhat enlarged spleens and 
minor red cell abnormalities without anemia 
were observed in female carriers by Rundles 
and Falls. 

Bishop and Bethell restudied an affected 
male from Rundle and Falls’ family and 
found a partial correction of the anemia with 
pyridoxine administration. However, they 
concluded that transfusion hemosiderosis was 
inhibiting hemesynthesis and that only this 
acquired aspect of the anemia was corrected 
by pyridoxine. 

BISHOP, R. C., and F. H. BETHEL. 1959. 
Hereditary hypochromic anemia with 
transhion hemosiderosis treated with 
pyridoxin. New Engl. J .  Med.,  261: 486- 
489. 

BYRD, R. B., and T. COOPER. 1961. Heredi- 
tary iron-loading anemia with secondary 
hemochromatosis. Ann. Internal Med:, 

COOLEY, T. B. 1945. Severe type of he- 
reditary anemia with elliptocytosis; inter- 
esting sequence of splenectomy. A m .  J .  
Med.  Sci., 209: 561-568. 

GELPI, A. P., and N. ENDE. 1958. An he- 
reditary anemia with hemochromatosis. 
Studies of an unusual hemopathic syn- 
drome resembling thalassemia. A m .  J .  
Med.,  25: 303-314. 

RUNDLES, R. W., and H. F. FALLS. 1946. 
Hereditary (?sex-linked) anemia. A m .  J .  
Med.  Sci., 211: 641-658. 

55: 103-123. 

20. Difuse angiokerntoma 
Skin lesions of vascular nature are the 

main basis of the name. Attacks of pain in 
the abdomen are often misdiagnosed appendi- 
citis. Such pains and those elsewhere, such as 
in the extremities, probably have their basis 
in lipid changes in ganglion cells of the auto- 
nomic nervous system. Vascular lesions of 
lipid nature occur at other sites such as the 
ocular fundi and kidney. Renal failure is the 
usual cause of death. Heterozygous females 
almost never have skin lesions and survive 
longer despite renal involvement. 

RAHMAN, A. N. and others. 1961. Angio- 
keratoma corporis diffusum universale. 
Trans. Assoc. Am.  Physicians, 74: 366- 
377. 

WISE, D. 1962. Angiokeratoma diffusum: 



140 

21. 

22. 

23. 
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a clinical study of ei ht affected families. 
Quart. J .  Med., 31: 157-206. 

Congenital dyskeratosis (Zinsser-Cole-Engman 
syndrome) 

The features are cutaneous pigmentation, 
dystrophy of the nails, leucoplakia of the 
oral mucosa, continuous lacrimation due to 
atresia of the lacrimal ducts, often thrombo- 
cytopenia, anemia, and in most cases testicu- 
lar atrophy. Only males are affected in a 
pattern consistent with X-linked recessive in- 
heritance. 

GARB, J., and C. M. BUNCKE. 1958. Dys- 
keratosis congenita with pigmentation, 
dystrophia unguium and leukoplakia 
oris. A.M.A. Arch. Dermatol., 77: 704- 
714. 

1956. 
Congenital anemia in hereditary ecto- 
dermal dysplasia. A.M.A. Arch. Derma- 
tol., 74: 159-166. 

KOSZEWSKI, B. J., and T. F. HUBBARD. 

Hereditary bullous dystrophy, macular type 
The features are formation of bullae with- 

out evident trauma, absence of all hair, hy- 
perpigmentation, depigmentation, acrocyano- 
sis, dwarfism, microcephaly, mental inferiority, 
short tapering fingers, sometimes anomalies 
of the nails. Most patients die before attain- 
ing adulthood. This disorder has been recog- 
nized only in a single kindred living in the 
Netherlands and described in three publica- 
tions as listed below. 

CAROL, W. L. L.. and J. R. Koor. 1936. 
Macular type of hereditary bullous dys- 
trophy. Maandschr. Kindergeneesk., 6: 
39. 

MENDES DA COSTA, S., and J. W. VAN DER 
VALK. 1908. Typus maculatus der bul- 
l&en hereditaren Dystophie. Arch. Der- 
matol. Syph., 91: 1-8. 

WOERDEMANN, M. J. 1958. Dystrophia 
bullosa hereditaria, typus maculatus. 
Ned.  Tijdschr. Geneesk., 102: 11 1-1 16. 

Keratosis follicularis spinulosa decalvans cum 
ophiasi 

Affected men show thickening of the skin 
of the neck, ears, and extremities, especially 
the palms and soles, loss of eyebrows, eyelashes 
and beard, thickening of the eyelids with 
blepharitis and ectropion, and corneal de- 
generation. The term “cum ophiasi” means 
“with ophiasis,” Le., baldness in one or more 
winding streaks about the head. The term 
comes from the Greek for snake. Decalvans 
refers to the loss of hair. Autosomal dominant 
inheritance has also been described (Thelen: 
Zentr. Haut.  Geschlechtskr. 65: 5, 1940). 

In Siemens’ publication pointing out X- 

linked inheritance, two families were de- 
scribed. In the one not observed personally 
by Siemens (described by Lamkris, 1905, and 
by Rochat, 1906) the inheritance appeared to 
be X-linked recessive, whereas the other was 
an example of X-linked dominant (or inter- 
mediate) inheritance. The LamCris kindred 
was studied further by Jonkers (1950) and the 
pedigree was reproduced by Waardenburg, 
Francheschetti, and Klein (Genetics and Oph- 
thalmology, vol. 1, 1961). Restudy indicates 
that the inheritance is the same as in Siemans’ 
pedigree. 

JONKERS, J. H. 1950. Hyperkeratosis fol- 
licularis and corneal degeneration. Oph- 
thalmologia, 120: 365-367. 

SENDI, H. 1957. Quelques cas de keratosis 
follicularis spinolosa decalvans (Siemens). 
M.D. thesis, Geneva. 

SIEMENS, H. W. 1925. Ueber einen in der 
menschlichen Pathologie noch nicht beo- 
bachteten Vererbungsmodus: dominant- 
geschlechtsgebundene Vererbung. Arch. 
Rass. Gese1lsch.-Biol., 17: 47-61. 

24. Ichthyosis vulgaris 
Affected males show dry, scaly skin which 

in patches i s  often thick and keratotic. The 
extensor surfaces of the extremities are espe- 
cially affected. Czorsz described a presumed 
homozygous, affected female. In 1929 Orel 
found in the literature 10 families with the 
X-linked form. Turpin and his colleagues 
(1945) described associated changes in the 
fundus oculi of affected males. 

ARCUELLES CASALS. D. 1948. Genetica y 
Dermatologia. Ictiosis vulgar transmitid 
a por herencia recesiva sexual. Inform. 
med., 12: 129. 

COCKAYNE, E. A. 1933. Inherited Abnor- 
malities of the Skin and its Appendages. 
Oxford University Press, London, p. 213. 

CZORSZ, B. 1928. Monatschr. Ungar. Mediz., 
2: 180. Also Zentr. Haut Geschlechts- 
krankh. 26: 463. 

HARRIS, H. 1947. A pedigree of sex-linked 
ichthyosis vulgaris. Ann. Eugenics, 14: 9. 

OREL, H. 1929. Die Vererbung von Ich- 
thyosis congenita und der Ichthyosis vul- 

. Z .  Kinderheilk., 47: 312-340. Orel rris ound 10 families with the X-linked 
form. 

TURPIN, DESVIGNES, and DEMASSIEUX. 1945. 
Semaine H6p.  Paris, 21: 343. 

25. Anhidrotic ectodermal dysplasia 
The affected males show absence of teeth, 

hypotrichosis, and absence of sweat glands. 
Heterozygous women may show reduction or 
malformation of teeth and mild abnormalities 
of sweat glands and breasts. In Robert’s fam- 
ily, skin involvement in heterozygbus females 
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was patchy (p. 121). Sometimes the inher- 
itance is autosomal dominant. Halperin and 
Curtis’ case showed mental defect also, but 
this is not an invariable feature of cases, 
even in their family. This was the condition 
affecting the “toothless men of Sind,” mem- 
bers of a Hindu kindred which resides in the 
vicinity of Hyderabad and was described by 
Darwin (1875) and by Thadoni (1934). 

GRANT, R., and H. F. FALLS. 1944. Ano- 
dontia; report of a case associated with 
ectodermal dysplasia of anhydrotic type. 
Am. J .  Orthodontics, 30: 661-672. 

THADANI, K. I. 1934. The toothless men 
of Sind. J. Heredity, 25: 483484. 

HALPERIN, S. L., and G. M. CURTIS. 1942. 
Anhidrotic ectodermal dysplasia associ- 
ated with mental deficiency. A m .  J. 
Mental Deficiency, 46: 459463. 

ROBERTS, E. 1929. The inheritance of an- 
hidrosis associated with anodontia. J. A m .  
Med.  Assoc., 93: 277-279. 

DARWIN, C. 1875. T h e  Variation of Ani- 
mals and Plants under Domestication. 
2nd edition. John Murray, London. 11, 
p. 319. 

“ ... I may give an analogous case, 
communicated to me by Mr. W. Wed- 
derburn, of a Hindoo family in Scinde, 
in which ten men, in the course of four 
generations, were furnished, in both 
jaws taken together, with only four 
small and weak incisor teeth and with 
eight posterior molars. The men thus 
affected have very little hair on the 
body, and become bald early in life. 
They also suffer much during hot 
weather from excessive dryness of the 
skin. It is remarkable that no instance 
has occurred of a daughter being af- 
fected.. .Though the daughters in the 
above family are never affected, they 
transmit the tendency to their sons; 
and no case has occurred of a son trans- 
mitting it to his sons. The affection thus 
appears only in alternate generations, 
or after long intervals. . .” 

(Hutt called attention to Darwin’s description: 
J .  Heredity, 26: 65-66, 1935.) 

Singh, Jolly, and Kaur described a severe 
case in a 27-year-old Sikh woman in India. 
Two brothers had died of the disease. 
Whether this was a homozygous affected or a 
heterozygous manifesting female is uncertain, 
especially since no information was provided 
on whether the father was affected. Consan- 
guineous matings of the types which are ex- 
pected to result in homozygous affected fe- 
males are frequent in some Indian groups 
(p. 130). 

SINCH, A., S. S. JOLLY, and S. KAUR. 1962. 
Hereditary ectodermal dysplasia. Brit. 
J. Dermatol., 74: 34-37. 

26. Amelogenesis imperfecta, hypomaturation type 
The enamel is opaque white, soft, and 

easily abraded but appears of normal thick- 
ness in unerupted teeth. The condition is in- 
herited as an X-linked recessive. 

WITKOP, C. J. 1957. Hereditary defects 
in enamel and dentin. Acta Genet. Sta- 
tist. Med.,  7: 236. 

27. Amelogenesis imperfecta, hypoplastic type 
In this condition the enamel is very hard 

but is abnormally thin so that the teeth 
appear small. The surface is rough. This type 
is inherited as an X-linked dominant. Possible 
genetic relationship, e.g., allelism, with the 
factor for the hypomaturation type is un- 
known. Therefore the two have been listed as 
separate loci. 

SCHULZE, C., and F. LENZ. 1952. Uber 
Zahnschmelzhypoplasie von unvollstandig 
dominantem geschlechtsgebundenen Erb- 
gang. Z. Menschl. Vererb. Konstit. Lehre, 
31: 104-114. - . 1957. Erbbedingte Structurano- 
malien menschlicher Zahne. Acta Genet, 
Stastis. Med.,  7: 231-235. 

HALDANE, J. B. S. 1937. A probable new 
sex-linked dominant in man. J. Hered- 
i ty,  28: 58-60. 

28. Absence of central incisors 
Huskins described an English family with 

affected members of at least three generations. 
He specifically stated that there was “no evi- 
dence of any other defective condition being 
associated with this dental anomaly.” There 
was one affected female in the family. We 
know of no other report of X-linkage. 

HUSKINS, C. L. 1930. On the inheritance 
of an anomaly of human dentition. J .  
Heredity, 21: 279-282. 

29. Congenital deafness 
Probably about 1.5 per cent of genetic deaf- 

ness is determined by an X-borne gene. The 
X-linked form of congenital deafness has 
been described from Missouri (Dow, Poynter), 
Japan (Mitsuda et al.), Belfast (Stevenson, 
cited by Deraemaeker), the Netherlands 
(Deraeniaeker), Philadelphia (Sataloff et al.) 
and Australia (Parker). Fraser found several 
families in England. In the family reported 
by Dow and Poynter four affected males mar- 
ried deaf-mute women who probably had the 
autosomal recessive form of the disease be- 
cause no children were affected. 

DERAEMAEKER, R. 1958. Sex-linked con- 
genital deafness. Acta Genet. Statist. 
Med., 8: 228-231. 
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Dow, G. S., and C. I. POYNTER. 1930. 
The Dar family. Eugenical News, 15: 
128. 

FRASER. G. R. 1962. Personal communica- 
tion,’ Seattle. 

1952. Eine Familie mit rezessiv gesch- 
lechtsgebundener Taubstummheit. Ja- 
pan J .  Genetics, 27: 142. 

PARKER, N. 1958. Congenital deafness due 
to a sex-linked recessive gene. A m .  J .  
Human Genet., IO: 196-200. 

SATALOFF, J., P. N. PASTORE, and E. BLOOM. 
1955. Sex-linked hereditary deafness. 
Am. J .  Human Genet., 7: 201-203. 

MITSUDA, H., S. INOUE, and Y. KAZAMA. 

30. Progressive deafness 
Sufficient hearing is present at first that 

speech develops normally, then deteriorates. 

MOHR, J., and K. MAGEROY. 1960. Sex- 
linked deafness of a ossibly new type. 
Acta Genet. Statis. M e l ,  10: 54-62. 

31. Mental deficiency 
Among the numerous types of mental de- 

ficiency an hereditary X-linked form exists. 
An apparently X-linked non-progressive form 
of mental deficiency without evident somatic 
malformation and without motor or sensory 
disfunction was described by Martin and Bell 
(1943) and possibly the same mutation was 
described by Allan and Herndon (1944). 
Priest and colleagues, as well as others, found 
more males in state institutions for mental 
defectives and found that affected sibs were 
more often male. However, males are prob- 
ably more likely to be institutionalized. Fur- 
thermore, as is discussed in the text (p. 85), 
several autosomal conditions show a male 
preponderance which almost certainly has a 
basis other than X-linkage in a proportion of 
cases. 

ALLAN, W., C. N. HERNDON, and F. C. DUD- 
LEY. 1944. Some examples of the in- 
heritance of mental deficiency; ap arently 
sex-linked idiocy and microcepha6. A m .  
J .  Mental Deficiency, 48: 325-334. 

-, and C. N. HERNDON. 1944. Retinitis 
pigmentosa and ap arently sex-linked 
idiocy in a single sigship. J .  Heredity, 
35: 41-43. 

MARTIN, J. P., and J. BELL. 1943. A 
pedigree of mental defect showing sex- 
linkage. J .  Neurol. Psychiat., 6: 154-157. 

PRIEST, J. H., H. C. THULINE, G. D. LAVECK, 
and D. B. JARVIS. 1961. An approach to 
genetic factors in mental retardation. 
Studies of families containing at least two 
siblings admitted to a state institution for 
the retarded. A m .  J .  Mental Deficiency, 
66: 42. 

ROSANOFF, A. J. 1931. Sex-linked inherit- 
ance in mental deficiency. A m .  J .  Psy- 
chiat., 11: 289-297. 

32. Borjeson syndrome (mental deficiency, epi- 
lepsy, endocrine disorders) 

Features were severe mental defect, epilepsy, 
hypogonadism, hypometabolism, marked obes- 
ity, swelling of subcutaneous tissue of face, 
narrow palpebral fissure, large but not de- 
formed ears. Three females who might be 
carriers had moderate mental retardation. 
This is a “new” syndrome described in a 
single kindred. 

BORJESON, M., H. FORSSMAN, and 0. LEH- 
MANN. 1962. An X-linked, recessively 
inherited syndrome characterized by 
grave mental deficiency, epilepsy, and 
endocrine disorder. Acta Med.  Scand., 
171: 13-21. 

33. Spinal ataxia 
A kindred with X-linked inheritance of 

what the authors thought was probably Fried- 
reich’s ataxia was reported by Turner and 
Roberts. Onset was at about five years and the 
victim was bedfast by about 20 years. The 
first carrier female in the kindred was of En- 
glish extraction. In 1910 Brandenberg de- 
scribed four males with Friedreich’s ataxia in 
three generations of a family, related through 
females in a pattern consistent with X-link- 
age. 

BRANDENBERG, F. 1910. Kasuistische Bei- 
trage zur gleichgeschlechtlichen Verer- 
bung. Arch. Rass. Ges. Biol., 7: 290- 
305. 

TURNER, E. V., and E. ROBERTS. 1938. A 
family with sex-linked hereditary ataxia. 
J .  Nervous Mental Disease, 87: 74-80. 

34. Cerebellar ataxia zvith extrapyramidal in- 
volvement 

Malamud’s family had an unusual form of 
neurologic disease in that the clinical pic- 
ture dominated at the outset by cerebellar 
signs was later characterized by extrapyram- 
idal signs. Anatomical changes involved both 
the cerebellar and the extrapyramidal systems. 

MALAMUD, N. and P. COHEN. 1958. Un- 
usual form of cerebellar ataxia with sex- 
linked inheritance. Neurology, 8: 261- 
271. 

35. Spastic paraplegia 
Spastic paraplegia is an autosomal dom- 

inant in many families, an autosomal reces- 
sive in many others. The family of Johnston 
and McKusick showed X-linked recessive in- 
heritance. Wolfslast’s family, with what he 
termed spastic diplegia, is another possible 
example. One affected male was living at age 
50 and a second at age 20. Nystagmus was 
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described in a female carrier. Prof. P. E. 
Becker of Gottingen is of the opinion, how- 
ever, that Wolfslast’s family suffered from the 
Pelizaeus-Merzbacher syndrome, and Ver- 
schuer in his textbook states the same opinion. 
A more likely case of X-linked spastic para- 
plegia is that of Blumel et al. Early onset, slow 
progression, and long survival with eventual 
involvement of the cerebellum, cerebral cortex 
and optic nerves are features of the X-linked 
form as observed by Johnston and McKusick. 

BLUMEL, J., E. G. EVANS, and G. W. N.  
EGGERS. 1957. Hereditary cerebral palsy. 
A preliminary report. J .  Pediat., 50: 454- 
457. 

JOHNSTON, A. W., and V. A. MCKUSICK. 
1962. Sex-linked recessive inheritance of 
spastic para legia. A m .  J .  Human Ge- 
net., 14: 83-!4. 

WOLFSLAST, W. 1943. Eine Sippe mit re- 
zessiver geschlechtsgebundener spastischer 
Diplegia. Z. Menschl. Vereb.-Konst.- 
lehre, 27: 189-198. 

36. Progressive bulbar paralysis. 
The disease apparently had the same clin- 

ical features as the autosomally transmitted 
forms. The proband was a 55-year-old Jap- 
anese farmer. Only this one X-linked family 
has been described. 

TAKIKAWA, K. 1953. A pedigree of prog- 
ressive bulbar paralysis appearing in sex- 
linked recessive inheritance. Japan. J .  
Genetics, 28: 116. 

Same family referred to by: 

MURAKAMI, U. 1957. Clinico-genetic study 
of hereditary disorders of the nervous 
system, especially on problems of patho- 
genesis. Folia Psychiat. Neurol. Japan. 

KURLAND, L. T. 1957. Epidemiologic in- 
vestigations of amyotrophic lateral sclero- 
sis. 111. A genetic interpretation of in- 
cidence and geographic distribution. 
Proc. Stafl Meetings Mayo Clinic, 32: 449- 
462. (Kurland mentions two such families 
seen by him in Japan.) 

Suppl. 1, 1-209. 

37. Charcot-Marie-Tooth peroneal muscular 
atrophy 

This condition is essentially a degeneration 
of spinal nerve roots, especially the motor 
roots to the distal parts of the extremities. 
Autosomal dominant and recessive forms also 
exist . 

ALLAN, W. 1939. Relation of hereditary 
attern to clinical severity as illustrated 

gy peroneal atrophy. Arch. Internal 
Med., 63: 1123-1131. 

38. Diffuse cerebral sclerosis, Pelizaeus-Merz- 
bacher form 

The diffuse cerebral sclerosis group rivals 
the spino-cerebellar degeneration group in 
clinical, pathologic, and genetic confusion. It 
is currently under intense investigation and 
hopefully will be elucidated through bio- 
chemical characteristics in the not too distant 
future. Some, eg., Ford, refer to the Pelizaeus- 
Merzbacher form as the chronic infantile 
type. It begins in infancy as early as the 
eighth day and usually no later than the third 
month and is very slowly progressive 
so that the victim may survive to middle age. 
One of Pelizaeus’ patients lived to 52 years 
of age and in Tyler’s Negro family an affected 
male was still living at age 51. At first, rotary 
movements of the head and eyes develop but 
curiously may later disappear. Affected chil- 
dren are known in these families as “head 
nodders” and “eye waggers.” Spasticity of the 
legs and later the arms, cerebellar ataxia, 
dementia, and Parkinsonian symptoms are 
other features developing over the first decade 
or two of life. Some heterozygous females show 
the disorder. The brain of such a female in 
Merzbacher’s family was studied by Spiel- 
meyer (cited by Tyler) with demonstration of 
changes. 

FORD, F. R. 1960. Diseases of the Nertrous 
System in Infancy, Childhood and Adoles- 
cence. Charles C Thomas, Springfield. 
(4th ed.), pp 831-833. 

TYLER, H. R. 1958. Pelizaeus-Merzbacher 
disease: a clinical study. A.M.A. Arch. 
Neurol. Psychiat., 80: 162-169. 

MERZBACHER, L. 1909. Gesetzmassigkeiten 
in der Vererbung und Verbrietung ver- 
schiedener hereditar-familiaren Erkran- 
kungen. Arch. Rass. Ges. Biol., 6:  172- 
198. 

PENROSE, L. S. 1954. Biology of Mental 
Defect. Sidgwick & Jackson Ltd., Lon- 
don, (2nd edition). 

39. DiJfuse cerebral sclerosis, Scholz type 
Ford refers to this form as the subacute 

childhood type. It begins at age 8-10 years 
and is characterized by deafness, blindness, 
weakness and spasticity of the legs, and de- 
mentia. Survival is shorter after onset of 
symptoms. However, in Scholz’ family, al- 
though the affected males in the youngest 
generation showed this picture, their mater- 
nal grandfathers, age 65 and 60, had the 
picture of spastic paraplegia (like No. A35). 

Walsh described under the heading of 
Schilder’s disease, or encephalitis periaxialis 
diffusa, a kindred in which four’males, off- 
spring of sisters, succumbed to an illness pos- 
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40. 

sibly of the type shown by Scholz’ youngest 
patients . 

BECKER, P. E. 1953. Andere neurologische 
Erbkrankheiten. Handbuch der Inneren 
Medizin, Springer, Berlin-Gottingen- 
Heidelberg. 4. Aufl. V/III: 1003. 

SCHOLZ, W. 1925. Klinische, pathologisch- 
anatomische und erbbiologische Unter- 
suchen bei familiarer, diffuser Hirnskler- 
ose im Kindesalter. Z. Neurol. Psychiat., 
9: 651. 

WALSH, F. B. 1957. Clinical Neuro-Oph- 
thalmology. Williams and Wilkins Co., 
Baltimore, (2nd edition). P. 664. 

Hydrocephalus due to congenital stenosis of 
aqueduct of Sylvius 

The hydrocephalus may become arrested 
and the principal manifestations may be 
mental deficiency and spastic paraplegia. Hy- 
poplasia and contracture of the thumb is 
characteristic (Edwards). 

BICKERS, D. S. and R. D. ADAMS. 1949. He- 
reditary stenosis of the aqueduct of Syl- 
vius as a cause of congenital hydrocepha- 
lus. Brain, 72: 246-262. 

EDWARDS, J. H., R. M. NORMAN, and 
J. M. ROBERTS. 1961. Sex-linked hydro- 
ceDhalus. Arch. Disease Childhood, 36: 
48’1-499. 

-. 1961. The syndrome of sex-linked 
hydrocephalus. Arch. Disease Childhood, 
36: 486-493. 

FANCONI, G. 1934. Zur Diagnose und 
Therapie hydroce halischer und ver- 
wandter Zustang. Schweiz. Med.  
Wochnschr., 64: 214. 

41. Parkinsonism 
Like some other traits listed here, Parkin- 

sonism is only a symptom and has many 
causes. Cases of idiopathic paralysis agitans 
(that is, cases in which arteriosclerosis and 
encephalitis are considered unlikely causes) 
have been found to have family histories 
consistent with autosomal dominant inherit- 
ance. The Filipino kindred showing X-linked 
recessive inheritance (observed by McKusick 
and colleagues) appears to be unique. Onset 
of symptoms occurs at the age of about 40 
years. (See Fig. 37.) 

MCKUSICK, V. A., A. W. JOHNSTON, C. N. 
LUTTRELL, and H. F. KLINEFELTER, JR. 
X-linked recessive inheritance of Parkin- 
sonism. T o  be published. 

42. Ocular albinism 
In affected men the iris is only slightly pig- 

mented and therefore diaphanous and the 
pupillary reflex i s  characteristic of albinism. 
The fundus is depigmented and the choroidal 
vessels stand out strikingly. Nystagmus, head 

nodding, and impaired vision also occur. P ig  
mentation is normal elsewhere than in the 
eye. The iris of carrier females is abnormally 
translucent and the fundus, especially that in 
the periphery, shows a mosaic of pigmenta- 
tion, as first recognized by Vogt. Lyon feels 
that the fundus finding in heterozygous fe- 
males supports her theory (p. 121). 

Nystagmus is, as noted above, frequently 
an associated feature. In fact the ocular al- 
binism has been commented on only obliquely 
or not at all in some reports of X-linked 
nystagmus in families which almost certainly 
had ocular albinism. Waardenburg and van 
den Bosch’s family was earlier reported by 
Engelhard as a family with hereditary nystag- 
mus. 

Fundus drawings of heterozygous carriers 
are provided by Falls, Fransois and Deweer, 
Ohrt, Fraiqois (textbook), and by others. 
Theoretically one should be able to count 
the number of pigmented spots and arrive 
at an estimate of the number of anlage cells 
present at the “time of decision” postulated 
by Lyon. Unfortunately most of the available 
drawings are probably too crude to be relied 
on for this use. Furthermore, the drawings 
suggest appreciable variation in the number 
and size of pigmented areas, a finding to be 
expected from the considerations of the Lyon 
hypothesis. 

ENGELHARD, C. F. 1915. Eine Familie mit 
hereditarem Nystagmus. Z. Ges. Neurol. 
Psychiat., 28: 319-343. 

FRAN~OIS, J., and J. P. DEWEER. 1953. Al- 
binisme oculaire liC au sexe et alterations 
caracteristiques du fond d’oeil chez les 
femmes hktkrozygotes. Ophthalmologia, 
126: 209-221. 

GILLESPIE, F. D. 1961. Ocular albinism 
with report of a family with female car- 
riers. Arch. Ophthalmol., 66: 774-776. 

NEGRELLI, B. C. 1959. L’albinisme ocu- 
laire li& au sexe dans de cadre du d&pi- 
stage des h&t&rozygotes en ophthalmologie. 
J .  gkne‘t. hum., 8: 108. 

VOGT, A. 1942. Die Iris Albinismus solum 
bulbi. Atlas Spalt-lampen-mikroskopie, 
3: 846. 

WAARDENBURG, P. J., and J. VAN DEN BOSCH. 
1956. X-chromosomal ocular albinism in 
Dutch family. Ann. Human Genet., 21: 
101-1 22. 

Isolated albinism of the eye is inherited 
in the rabbit as an autosomal recessive. 

MAGNUSEN, K. Beitrag zur Genetik und 
Histologie eines isolierten Augenalbinis- 
mus beim Kaninchen. I-V. Z. Morphol. 
Anthro ol., 44: 127-135, 1952; 46: 24-29, 
1954; 4g: 306-311, 1959; 50: 103-120, 1959; 
51: 81-88. 
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FIG. 37. APPARENTLY X-LINKED PARKINSONISM 
Males in the fifth generation are too young to have developed the disorder. (McKusick, et al., to be published.) 



146 T H E  QUARTERLY REVIEW OF BIOLOGY 

43. External ophthalmoplegia and myopia 
In the probably unique family of Salleras 

and de Zirate, affected men showed bilateral 
ptosis, complete or partial ophthalmoplegia, 
abnormal shape or function of the pupil, 
myopia, and progressive degeneration of the 
retina and choroid. Often there was also ab- 
sence of patellar and Achilles reflexes, spina 
bifida, and cardiac and other congenital mal- 
formation. Some carrier women showed ab- 
sent deep tendon reflexes only. Hereditary 
ophthalmoplegia without myopia is frequently 
an autosomal dominant or recessive. 

SALLERAS, A., and J. C. 0. DE ZARATE. 1950. 
Recessive sex-linked inheritance of ex- 
ternal ophthalmoplegia and myopia coin- 
cident with other dysplasias. Brit. J .  
Ophthalmol., 34: 662-667. 

44. Microphthalmia 
In Stephen’s cases white opacification of 

the cornea and blindness were present. Rob- 
erts’ cases also had corneal change. Mental de- 
ficiency was present in some in Roberts’ fam- 
ily, but intelligence was normal in at least two 
of six cases of microphthalmia examined. No 
mental defect was present except in microph- 
thalmia cases. On the other hand, Stephens’ 
cases were of university level of intelligence. 
Sjogren and Larsson (Acta Psychiat. Neurol. 
Scand., Suppl. 56, pp. 1-103, 1949) described 
microphthalmia and oligophrenia behaving as 
an autosomal recessive syndrome. 

ROBERTS, J. A. F. 1937. Sex-linked mi- 
crophthalmia sometimes associated with 
mental defect. Brit. Med.  J., 2: 1213- 
1216. (Waardenburg, vol. 2, pp. 768-770, 
of textbook with Franceschetti and Klein, 
thinks this was an instance of pseudogli- 
oma or of retinal dysplasia.) 

STEPHENS, F. E. 1947. A case of sex-linked 
microphthalmia. J .  Heredity, 38: 307- 
310. 

45. Microphthalmia or anophthalmos, with digi- 
tal anomalies 

The eye anomaly was unilateral in some of 
the affected persons in Lenz’s remarkable 
pedigree. Narrow shoulders, double thumbs, 
other skeletal anomalies, and dental, urogeni- 
tal and cardiovascular malformations were ob- 
served. The mother of the proband, a 13-year- 
old boy born blind, had a deformity of the 
joints of the fifth finger, suggesting mild ex- 
pression. 

LENZ, W. 1955. Recessiv-geschlechtsge- 
bundene Mikrophthalmie mit multiplen 
Missbildungen. Z. Kinderhheilk., 77: 
384. (See also, Waardenburg, France- 

schetti, and Klein, Genetics and Ophthat- 
mology, 1961.) 

46. Nystagmus 
Nystagmus is, of course, only a symptom 

and has many causes. In fact it occurs as part 
of the symptom complex in certain other 
sex-linked traits (e.g. Pelizaeus-Merzbacher, 
spastic paraplegia, ocular albinism, etc.). 
What is referred to here is a hereditary form 
which occurs alone and of which the neuro- 
anatomical basis is still unknown. 

Autosomal dominant and recessive forms 
are less frequent than the X-linked form. 
Waardenburg (personal communication) feels 
there is no reason to separate an X-linked 
recessive from an X-linked dominant form as 
some have attempted. In some families the 
disorder is recessive in one line and dominant 
in another (Hemmes (1924); Waardenburg, 
Franceschetti and Klein (Textbook 1961)). 
The explanation could be that the mutation 
is identical but that there is a series of “wild- 
type” isoalleles which have different effects 
on penetrance of the mutation in the hetero- 
zygous female. 

RUCKER (1949) For references see text. 
BILLINC~, M. L. 1942. Nystagmus through 

four generations. J .  Hereditary, 33: 457. 
Cox, R. A. 1936. Congenital head-nod- 

din and nystagmus; re ort of a case. 
A r c f .  Ophthalmol., 15: 10&$-1036. 

CUENDET, J. F. and V. DELLA PORTA. 1949. 
Une famille de nystagmiques. Ophthal- 
mologia, 117: 199-201. 

HEMMES, G. C. 1924. Over hereditairen 
Nystagmus. Utrecht thesis. 

WAARDENBURC, P. Z. 1953. Zum Kapitel 
des ausserokularen erblichen Nystagmus. 
Acta Genet. Statist. Med., 4: 298-312. 

47. Megalocornea 
Affected males show large cornea as an iso- 

lated defect. Heterozygous women may show 
slight increase in corneal diameter (Riddell). 
Autosomal dominant inheritance is probably 
much rarer. Megalocornea occurs at times as 
part of the Marfan syndrome (inherited as an 
autosomal dominant). 

RIDDELL, W. 1. B. 1941. Uncomplicated 
hereditary megalocornea. Ann. Ekgenics, 

GRONHOLM, V. 1921. Ueber die Vererbung 
der Megalocornea nebst einem Beitrag 
zur Frage des genetischen zusammenhan- 
gen zwischen Megalokornea und Hy- 
drophalmus. Klin. Monatsbl. Augenh., 
67: 1-15. (Two presumed homozygous fe- 
males occured in this family; see Fig. 38.) 

Falls also had a family with X-linked mepa- 

11: 102-107. 

locornea. p. A m .  Ophthalmol. SOC., 50: 
421-467, 1 52.) 
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48. Hypoplasia of iris with glaucoma 
Frank-Kamenetzki described this disorder 

in two Russian kindreds. The atrophy or 
hypoplasia of the iris seemed, from the find- 
ings in young family members, to be primary 
and glaucoma secondary. Makarow (cited by 
Waardenburg, Franceschetti, Klein, Text- 
book, 1961, p. 609) probably described the 
same disorder, also in Russia. No other fam- 
ilies are known. 

FRANK-KAMENETZKI, S. G. 1925. Eine 
eigenartige hereditare Glaukomform mit 
Mangel des Irisstromas und geschlechts- 
gebundener Vererbung. Klin. Monatsbl. 
Augenh., 74: 133-150. 

49. Congenital total cataract 
Stieren’s family seems to be unique, al- 

though Halbertsma’s cataract may be the 
same as Stieren’s. In three generations only 
males to a total of 17 out of 37 were affected. 
Although there are many varieties of heredi- 
tary cataract, X-linked inheritance is uncom- 
mon. In Stieren’s family the affected males 
were born blind and died in infancy. Some 
were hydrocephalic and some had convulsions. 

STIEREN, E. 1907. A study in atavistic des- 
cent of congenital cataract through four 
generations. Ophthalmol. Rec., 16: 234- 
238. 

HALBERTSMA, K. T. A. 1934. Familiare 
angeborene Katarakt. Ned.  Tijdschr. Ge- 
neesk., p. 1705-1709. 

50. Congenital cataract with microcornea or slight 
microphthalmia 

Waardenburg (loc. cit. p. 880) observed a 
family with clear X-linked recessive inher- 
itance. Witkop-Oostenrijk (1956) described a 
family in which X-linked dominance (possi- 
bly with lethality in the affected hemizygote) 
might be the genetic mechanism. Autosomal 
dominant and autosomal recessive forms also 
exist. 

WITKOP-OOSTENRIJK, G. A. 1956. Mi- 
crophthalamus, microcornea en aange- 
boren cataract. Ned.  Tijdschr. Geneesk., 
100: 2910-1913. 

WAARDENBURG, FRANCESCHETTI and KLEIN. 
1961. Genetics and Ophthalmology, Vol. 
1. 

51. Congenital stationary night blindness with 
myopia 

Night blindness (hemeralopia) is a symp- 
tom of several chorioretinal degenerations 
(e.g., No. A52). The distinctive feature of the 
mutation listed here is the stationary nature 
of the night blindness. There is an auto- 
somal dominant variety reported in many 

I 

SIX UNAFFECTED MALES 
@SIX UNAFFECTED FEMALES 

GRONHOLM (19211 MEGALOCORNEA 

a 

b 

C 

FIG. 38. MEGALOCORNEA 
a. Gronholm’s kindred in which two presumably 

homoz gous affected females were observed. The de- 
gree o r  involvement was identical to that in hemizy- 
gous affected males. (b and c) Megalocornea in 54- 
year-old male (W.S., 709297). 

families of which the most famous is that des- 
cendant from Jean Nougaret, born in Pro- 
vence in 1637, and studied by Cunier (1838), 
Nettleship (1907) and others. (An abnormal 
segregation ratio with fewer affected persons 
than anticipated has been suggested in this 
family, but other large pedigrees do not show 
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this.) The X-linked form is distinguished 
from the autosomal form by the association 
of myopia. 

Myopia has not been listed as a separate X- 
linked mutation because it is not completely 
certain that it indeed occurs with this mode 
of inheritance and independent of night 
blindness or ophthalmoplegia (A43). Worth 
(1906) reported four families with myopia 
which apparently were X-linked. At Nettle- 
ship’s suggestion he looked for associated 
night blindness and found it in the affected 
members of only one of the families. In Os- 
wald’s family with myopia transmitted in a 
pattern otherwise consistent with X-linked 
inheritance apparent male-to-male trans- 
mission occurred in the first generation (see 
p. 81). 

KLEINER, W. 1923. Ueber den grossen sch- 
weizerischen Stammbaum in dem mit 
Kurzsichtigkeit kombinierte Nachtblind- 
heit si& forterbt. Arch. Rass. Ges. Biol., 

NETTLESHIP, E .  1909. On some hereditary 
diseases of the eye (Bowman lecture). 
Retinitis pigmentosa, night blindness with 
myopia, ocular albinism. Trans. Oph- 
thalmol. SOC. U. K. ,  29: 57-148, 1912. A 
pedigree of congenital night blindness 
with myopia. Trans. Ophthalmol. SOC. U .  
K . ,  32: 2145. 

WHITE, T. 1940. Linkage and crossing- 
over in the human chromosomes. J .  
Genet., 40: 403437. 

WORTH, C. 1906. Hereditary influence in 
myopia. Trans. Ophthalmol. SOC. U .  K. ,  

Choroideremia (progressive tapeto-choroidal 
dystrophy) 

Affected males suffer progressive loss of 
vision (reduction of central vision, constriction 
of visual fields, night blindness) beginning at 
an early age, and the choroid and retina un- 
dergo complete atrophy. Heterozygous fe- 
males show no visual defect but often show 
striking fundoscopic changes such as irregular 
pigmentation and atrophy around the optic 
disc. 

The term choroidermia, which is com- 
parable to irideremia and means absence of 
choroid, is inappropriate, since there is no 
congenital absence of the choroid. The con- 
dition is an abiotrophy beginning shortly after 
birth and progressing gradually. Waarden- 
burg. favors an alternative designation “tapeto- 
choroidal dystrophy” (Pameyer, et al.). 

15: 1-17. 

26: 141-144. 

SORSBY, A., A. FRANCESCHETTI, R. JOSEPH, and 
J. . .B. DAVEY. 1952. Choroideremia. 
Clinical and genetic aspects. Brit. J .  
Ophthalmol., 36: 547-581. 

PAMEYER, J. K., P. J. WAARDENBURG, and 
H. E. HENKES. 1960. Choroideremia. 
Brit. J. Ophthalmol., 44: 724-738. 

53. Retinitis pigmentosa 
The X-linked form is also called choroido- 

retinal degeneration, or pigmentary retinop- 
athy. Affected males show typical “bone cor- 
puscle” clumps of pigment on fundoscopic 
examination and progressive choroidal sclero- 
sis leading to complete blindness. Heterozy- 
gous women may show a tapetoretinal reflex 
(brilliant, scintillating, golden hued, patchy 
appearance most striking around the macula) 
but no visual defect. Retinitis pigmentosa is 
sometimes autosomal dominant, sometimes 
autosomal recessive. In addition to these 
hereditary forms without associated manifes- 
tations, retinitis pigmentosa is one component 
of certain hereditary syndromes, notably the 
Laurence - Moon - Bardet - Biedl syndrome. 
Thus there may be at least seven or eight dis- 
tinct genetic varieties of the phenotype. The 
X-linked form is one of the rarer. All families 
do not show the expression in female carriers 
described above. Thus, there seems to be a 
fully recessive and an intermediate X-linked 
form; their relation to each other is un- 
known. The gyrate choroidal atrophy des- 
cribed by Waardenburg (1932) as X-linked 
was found on further study to be retinitis pig- 
mentosa (Waardenburg, Franceschetti and 
Klein, textbook, 1961, p. 799). As is reviewed 
by Jacobson and Stephens, there are some 
phenotypic differences between families re- 
ported; the genetic significance of these differ- 
ences is unknown. 

ALLAN, W. 1937. Eugenic significance of 
retinitis pigmentosa. Arch. Ophthalmol., 

FALLS, H. F. 1952. The role of the sex 
chromosome in hereditary ocular pathol- 
ogy. Trans. A m .  Ophthalmol. SOC., 50: 
421-467. 

JACOBSON, J. H., and G. STEPHENS. 1962. 
Hereditary choroidoretinal degeneration. 
Study of a family including electroretin- 
ography and adaptometry. Arch. Oph- 
thalmol., 67: 321-335. 

MCQUARRIE, M. D. 1935. Two pedigrees 
of hereditary blindness in man. J .  Ge- 
net., 30: 147-153. 

USHER, C. H. 1935. Bowman Lecture: 
On a few hereditary eye affections. 
Trans. Ophthalmol. SOC.  U .  K . ,  55: 164- 
245. 

WAARDENBURC., P. J. 1932. Das mensch- 
liche Auge und seine Erbanlagan. Mar- 
tinus Nijhoff, ’s-Gravenhage. 

18: 938-947. 

54. Macular dystrophy 
Halbertsma’s pedigree is consistent with X- 
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linked inheritance except for an instance of 
apparent father-to-son transmission in the 
first generation. Color blindness also was seg- 
regating in Halbertsma’s family, but analysis 
in terms of linkage is impossible because in 
those males with macular dystrophy the retinal 
disease may have been responsible for the 
color blindness. Falls studied a family of X- 
linked macular dystrophy with affected identi- 
cal male twins. 

HALBERTSMA, K. T. A. 1928. Ueber eine 
erbliche familiare Augenerkrankungen. I. 
Erbliche familiare Entartung des gelben 
Fleckes (zusammen mit Farbenblindheit). 
Klin. Monatsbl. Augenh., 80: 792-812. 

FALLS, H. F. 1952. The role of the sex 
chromosome in hereditary ocular pathol- 
ogy. Trans. A m .  Ophthalmol. SOC., 50: 
421-467. 

55. Retinoschisis 
Retinoschisis is detachment of the retina 

due to congenital degeneration. The affected 
males show cystic degeneration leading to 
split in the retina, detachment of the retina, 
and finally complete retinal atrophy with 
sclerosis of the choroid. Gieser and Falls ob- 
served a macular cyst in one eye of a possible 
female carrier in a kindred with nine affected 
males and suggested that it might represent 
an expression of the carrier state. 

Hereditary forms of retinal detachment, 
with and without severe myopia as the under- 
lying mechanism, have been described. One 
would presume that the disease with myopia 
is fundamentally distinct from that without 
myopia. In addition to the X-linked form, au- 
tosomal recessive and autosomal irregular 
dominant forms (the last being most frequent) 
are known. 

Retinoschisis is, in the opinion of Gieser 
and Falls, the same condition as that de- 
scribed by Mann and MacRae as congenital 
vascular veil in the vitreous and also the 
same as the X-linked retinal detachment de- 
scribed by Sorsby and colleagues. Retinoschi- 
sis is probably distinct from pseudoglioma, al- 
though possibly even this cannot be considered 
settled. So-called congenital falciform fold of 
the retina (ablatio falciformis retinae con- 
genita) is probably yet another expression of 
the same gene as that for retinoschisis. Weve 
(1938) observed falciform fold and pseudogli- 
oma in the same family. 

GIESNER, E. P., and H. FALLS. 1961. He- 
reditary retinoschisis. A m .  J. Ophthal- 
mol., 51: 1193-1200. 

KLEINERT, W. 1953. Eine rezessiv-gesch- 
lechtsgebundene Form der idiopathischen 

Netzhautsplattung bei nichtmyo en Jug- 
endlichen. Graefes Arch. Opfthamol. ,  
154: 295305. 

MANN, I., and A. MACRAE. 1938. Con- 
genital vascular veil in the vitreous. 
Brit. J. Ophthalmol., 22: 1-10. 

SORSBY, A., M. KLEIN, J. H. GANN, and G. 
SIGGINS. 1951. Unusual retinal detach- 
ment, possibly sex linked. Brit. J. Oph- 
thalmol., 35: 1-10. 

WEVE, H. 1938. Ablatio falciformis con- 
genita (retinal fold). Brit. J .  Ophthal- 
mol., 22: 456-470. 

56. Pseudoglioma 
Only an X-linked form is clearly estab- 

lished. The disorder is a not infrequent cause 
of congenital blindess. Affected males show 
detachment of the retina from birth. The 
picture may simulate glioma of the retina 
(hence the name), or retrolental fibroplasia. 
In the family reported by Forssman, pseudo- 
glioma was combined with mental deficiency 
present from infancy and apparently of pro- 
gressive nature. 

FORSSMAN, H. 1960. Mental deficiency and 
pseudoglioma, a syndrome inherited as an 
X-linked recessive. A m .  J. Mental De- 
ficiency, 64: 984-987. 

WILSON, W. M. C. 1949. Congenital blind- 
ness (pseudoglioma) occurring as a sex- 
linked developmental anomaly. Can. 
Med.  Assoc. J. ,  60: 58Cb584. 

57. Van den Bosch syndrome 
The components of this syndrome trans- 

mitted as an X-linked recessive are 1) mental 
deficiency, 2) choroideremia, 3) acrokeratosis 
verruciformis, 4) anhidrosis, and 5) skeletal 
deformity. An interesting and possibly impor- 
tant point is that at least four of these five 
components have been described as isolated X- 
linked traits. The syndrome has been ob- 
served in a single kindred. 

VAN DEN BOSCH, J. 1957. A new syndrome 
in 3 generations of a Dutch family. In: 
Genetica della tubercolosi e dei tumori. 
At t i  del “Secundum Symposium Znter- 
nationale Geneticae Medtcae,” Torino. 
Edited 1st. Gregorio Mendel. Pp. 143- 
144. 

58. Menkes syndrome 
In a family of English-Irish descent living 

in New York, Menkes and colleagues (1962) 
described an X-linked recessive disorder 
characterized by early retardation in growth, 
peculiar hair and focal cerebral and cerebellar 
degeneration. Four males were affected but 
the gene could by inference be identified in 
four generations. The failure to groy brought 
the affected infants to medical attention at 
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the age of a few weeks and death occurred 
in the first or second year of life. The hair 
was stubby and white; microscopically it 
showed twisting, varying diameter along the 
length of the shaft and often fractures of 
the shaft at regular intervals. Rather ex- 
tensive biochemical investigations showed 
elevated plasma glutamic acid as the only 
consistent abnormality. The anatomic change 
in the central nervous system was described on 
the basis of two autopsies. 

MENKES, J. H., M. ALTER, G. K. STEIGLEDER, 
D. R. WEAKLEY, and J. H. SUNG. 1962. 
A sex-linked recessive disorder with re- 
tardation of growth, peculiar hair and 
focal cerebral and cerebellar degenera- 
tion. Pediatrics, 29: 764-779. 

Addendum 

Margolis (1962) has described a “new” X- 
linked syndrome-deaf-mutism and total al- 
binism. Also from Israel, Ziprkowski and his 
colleagues (1962) described an X-linked syn- 
drome consisting of deaf-mutism and partial 
albinism (without ocular albinism). The re- 
lationship, i f  any, between the syndromes 
remains to be established. 

MARGOLIS, E. 1962. A new hereditary 
syndrome-sex-linked deaf-mutism asso- 
ciated with total albinism. Acta. Genet. 
Statist. Med.  12: 12-19. 

ZIPRKOWSKI, L., A. KRAKOWSKI, A. ADAM, H. 
COSTEFF, and J. SADE. 1962. Partial al- 
binism and deaf-mutism due to a recessive 
sex-linked gene. A.M.A. Arch. Dermat., 
in press. 

Conditions for which the evidence of X-link- 
age is considered inconclusive - 

1. Inability to smell cyanide 
Initial studies (reviewed by Stern) showed 

male : female frequencies and family data con- 
sistent with X-linked recessive inheritance of 
inability to smell cyanide. Further studies 
seem to indicate that the situation is more 
complex (Kirk). 

FUKUMOTO, Y., and COLLEAGUES. 1957. 
Small ability to smell solutions of potas- 
sium cyanide and its inheritance. (In 
Japanese) Japan. J .  Human Genet. 2: 

KIRK, R. L. 1961. Personal communica- 
tion, University of Western Australia. 

-, and N. S. STENHOUSE. 1953. Ability 
to smell solutions of potassium cyanide. 
Nature, 171: 698-699. 

STERN, C. 1960. Principles of Human Ge- 
netics (2nd edition). W. H. Freeman, San 
Francisco. P. 232, Table 35. 

7-16. 

2. Zncontinentia pigmenti 
Incontinentia pigmenti is a disturbance of 

skin pigmentation inconstantly associated 
with a variety of malformations of the eye, 
teeth, skeleton, heart, etc. The pigmentary 
disturbance, an autochthonous tattooing, is 
evident at or soon after birth and may be 
preceded by a phase suggesting inflammation 
in the skin. In the fully developed disease, the 
skin shows swirling patterns of melanin pig- 
mentation, especially on the trunk, suggesting 
the appearance of “marble cake.” The pig- 
mentation gradually fades and is often gone 
completely by age 20 years. Histologically, 
deposits of melanin pigment are seen in the 
corium; the designation was based on the idea 
that the basal layer of the epidermis is “in- 
continent’’ of melanin. Pedigree patterns 
suggest X-linked dominance with lethality in 
the male. The phenotype in the affected fe- 
males might be consistent with random X 
chromosome inactivation as in the Lyon hy- 
pothesis (see text). 

The cutaneous phenotype has other in- 
teresting features, namely, that in the first 
months of life it has some characteristics of 
an inflammatory process and that the pig- 
mentary changes have usually disappeared 
completely by the age of 20 years. Caffey’s dis- 
ease (infantile hyperostosis), which is familial 
and possibly genetic, displays a similar be- 
havior, with pronounced signs suggesting an 
inflammatory process in many bones with 
subsequent quiescence and in many cases dis- 
appearance of all evidence of previous dis- 
ease. 

Cytoplasmic (or other non-chromosomal) in- 
heritance with lethality in the male could ac- 
count for the pedigree pattern. Features of 
the histologic and clinical picture have sug- 
gested viral etiology to several workers (e.g., 
Haber). Cytoplasmic inclusions like those of 
molluscum contagiosum have been identified 
(Thomas W. Murrell, Jr.. personal communi- 
cation, Richmond, Va.). 

As a third possibility, the pedigree pattern 
is probably consistent also with an autosome/ 
X chromosome translocation. No chromosomal 
abnormality was found in two cases of in- 
continentia pigmenti studied by Benirschke 
(personal communication). In the family 
studied, the mother and two daughters were 
affected; there had been one male abortion. 

HABER, H. 1952. The Block-Sulzberger 
syndrome (incontinentia pigmenti). Brit. 
J .  Dermatol., 64: 129-140. 

LENZ, W. 1961. Medizinische Genetik. 
Eine Einfuhrung in ihre Grundlagen und 
Probleme. Georg Thieme Vplag, Stutt- 
gart., p. 89. 
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PFEIFFER, R. A. 1960. Zur Frage der 
Vererbung der Incontinentia pigmenti 
Bloch-Siemens. 2. Menschl. Vererb. Kon- 
stitutionslehre, 35: 469493. 

Wildemanck syndrome 
The Wildervanck syndrome consists of 

congenital perceptive deafness, Klippel-Feil 
anomaly (fused cervical vertebrae), and ab- 
ducens palsy with retractio bulbi (Duane syn- 
drome). The disorder is limited, or almost 
completely limited, to females, raising the 
question of sex-linked dominance with lethal- 
ity in the hemizygous male or one of the other 
mechanisms discussed with incontinentia pig- 
menti (B2) and in the text (p. 76). 

WILDERVANCK, L. S. 1960. Een cervico- 
oculo-acusticussyndroom. Ned.  Tijdschr. 
Geneesk., 104: 2600-2605. 

-. 1961. A cervico - oculo - acusticous 
syndrome belonging to the status dys- 
raphicus. Proc. 11 Intern. Conf. Human 
Genet., Rome.  

Male hypogonadism 
Variously termed in the literature are sev- 

eral conditions which affect only persons with 
the usual male karyotype and are familial 
with a pattern often suggesting X-linked in- 
heritance. At  least five distinct entities are 
probably involved: 1) male hypogonadism 
with or without gynecomastia, 2) male pseudo- 
hermaphroditism (B7), 3) the testicular fem- 
inization syndrome (B6), 4) gynecomastia (CZ), 
and 5) the Kallmann syndrome (B8). As seen 
later, there may be at least two distinct forms 
of the testicular feminization syndrome. Male 
pseudohermaphroditism is also probably a 
heterogeneous category. The testicular femini- 
zation syndrome is indeed a variety of male 
pseudohermaphroditism. When hypospadias 
and gynecomastia are associated with hypo- 
gonadism, the designation of male pseudo- 
hermaphroditism is often attached. Gyneco- 
mastia may occur alone as a familial anomaly 
or be a feature of one of the other three 
classes. The necessity for studies, genetic 
and physiologic, to bring order out of this 
nosologic chaos is evident. Yet another form 
of male hypogonadism-that associated with 
ichthyosis (B5)-will be separately discussed. 

Sohval and Soffer described mentally de- 
ficient brothers with small testes, aspermato- 
genesis, and gynecomastia. The seminiferous 
tubules showed no spermatogenic cells. 
Reifenstein (1947; also quoted by Sohval) 
found nine of 10 males in two generations of a 
Syrian family affected. Hypospadias was pres- 
ent in some and seven of the nine had gyne- 

comastia. Peters and colleagues described gyne- 
comastia, inguinal testes, and slight hypogona- 
dal traits in two half-brothers (sons of the 
same mother) and in a cousin, the son of the 
mother’s sister. One affected male had inter- 
course and ejaculation. The family of Gilbert- 
Dreyfus and colleagues is yet another example; 
maternal uncles were affected. The family pic- 
tured in Figure 39 is probably of the same 
type as that described by all the above men- 
tioned authors. We have recently restudied 
this family reported by Young (1937). 

There is likely to be heterogeneity left 
within the group of male hypogonadism even 
after the types discussed separated hereafter 
are removed. Some cases may be primary as 
indicated by high levels of urinary gonado- 
tropins whereas others are cases of secondary 
hypogonadism with low gonadotropins. The 
cases of Sohval and Soffer and those of Reifen- 
stein were of the primary type. 
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tab., 3: 551-556. 
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REIFENSTEIN, E. C., JR. 1947. Hereditary 
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Hormone Res., 3: 224-225. 
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YOUNG, H. H. 1937. Genital Abnormal- 
ities, Hermaphroditism and Related Ad-  
renal Diseases. Williams & Wilkins, Co., 
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5 .  Ichthyosis and male hypogonadism 

18: 93-101. 

In the apparently unique family reported 
by Lynch and his colleagues five males in three 
generations showed both secondary hypo- 
gonadism (associated with low titers of pitui- 
tary gonadotrophic hormones) and congen- 
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a 
FIG. 39. HYPOGONADISM WITH GYNECOMASTIA 

AND HYPOSPADIAS 
The two brothers shown here were reported by 

Young in 1937. The older brother (a and b) was 35 
years old and the younger (c and d) was 24 at the 
time of these photographs in 1935. They had identi- 
cal conditions, as did also two maternal uncles. In 
addition to hypospadias with chordee, small right 
testis and undescended testis on the left, there was 
striking gynecomastia. The distribution of hair was 
feminine, and they shaved rarely. After correction 
of the hypospadias and chordee, intercourse was 

racticed with success and ejaculation occurred. The E attening of the breasts in the younger brother (c) 
was due to prolonged wearing of a tight binder. 

ita1 ichthyosis. This is classed as a definite 
X-linked recessive trait because if the syn- 
drome were inherited as an autosomal dom- 
inant, the ichthyosis component would be ex- 
pected to have been displayed by females. The 
authors suggested that close linkage (p. 99) 

FIG. 39b. 

may be responsible for the occurrence of hy- 
pogonadism with ichthyosis, a well-known X- 
linked trait (No. A24). However, ichthyosis 
and hypogonadism is listed as a separate mu- 
tation since linkage can only be postulated. If 
indeed the.two traits are due to two linked 
genes one can say with 95 per cent confidence 
that the recombination value is not greater 
than 20 per cent. The disorder was transmitted 
by six females in whom there was opportunity 
for cross-over. 

LYNCH, H. T., F. OZER, C. W. McNun,  J.  E. 
JOHNSON, and N. A. JAMPOLSKY. 1960. 
Secondary male hypogonadism and con- 
genital ichthyosis. Association of two rare 
genetic diseases. Am. J .  Human Genet., 
12: 440456. 

6. The syndrome of testicular feminization 
This variety of sex anomaly has been of 

relatively long interest to geneticists largely 
through the publications of Pettersson and 
Bonnier (1937). Both the nature of the basic 
defect and the mode of inheritance are in 
question. The affected males have female ex- 
ternal genitalia, female breast development, 
blind vagina, absent uterus and female ad- 
nexa, abdominal or inguinal test&, and a nor- 
mal male (2A + XU) karyotype. The patients 
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FIG. 39c. 

often come to medical attention because of a 
presumed inguinal hernia. Many have absent 
pubic and axillary hair (“hairless pseudo- 
female”). The hair of the head is luxuriant, 
without temporal balding. The phenotype 
is often voluptuously feminine; Netter (1958) 
reported this disorder in a famous photo- 
graphic model, Marshall and Harder (1958) re- 
ported affected monozygotic twins who 
worked as airline stewardesses, and Polaillon 
(1891) observed prostitution. 

In one such patient studied by Wilkins (Fig. 
40b) the hair follicles of the axillary and pubic 
areas, although anatomically normal, were 
unresponsive to local or parenteral exhibition 
of androgens and the beard, voice and clitoris 

FIG. 39d. 

are similarly unresponsive. Female carriers, 
presumed heterozygotes, may show no, or al- 
most no, secondary sex hair but have normal 
menstruation, conception and pregnancies. 
The basic defect in cases of the hairless pseudo- 
female type might be end-organ unresponsive- 
ness to androgen, a situation comparable to 
nephrogenic diabetes insipidus (No. A16). 
and pseudohypoparathyroidism (inherited as 
an autosomal dominant). (These conditions 
are analogous to the situation in the Seabright 
bantam cock which has a female comb struc- 
ture despite obvious demonstrations of viril- 
ity.) An alternative view on the nature of the 
basic defect in other or all cases is that the 
testis produces a feminizing hormone (see 
Southren and Saito). Yet a third suggestion 
has been that the testis is damaged at an early 
stage in utero (Lubs, et al.). It is likely that 
more than one distinct entity is included in 
the testicular feminization syndrome. Wilkins 
states: “In about one-third of the caxs of 
male pseudohermaphroditism ‘of feminine 
type’ sexual hair has been entirely lacking.” 
Miller considers “feminizing labial testes” of 
the type described by Lubs, W a r  and Bergen- 
stal (1959) to be a separate for? of male 
pseudohermaphroditism. 

The histological changes in the testis in this 
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a b 
Fic. 40. TESTICULAR FEMINIZATION SYNDROME 

a. Three sibs, ages 24, 19, and nine years. One 
brother and one sister are normal. Another sib, pre- 
sumably normal female, died at nine months. The 
family was discovered when the oldest affected sib 
was admitted to the surgical clinic for presumed in- 
guinal hernia, Skin graft from the left thigh was used 
in vaginal reconstruction. The affected persons are 
more feminine than their normal sister and the old- 
est of these three is happily married. Hair is rather 
ample. All three are chromatin-negative. The karyo- 
type has been shown to be XY in one who was in- 
cluded in the report of Alexander and Ferguson- 
Smith (1961). Linkage studies are presented in Figure 
~ O C ,  d. (This family was described in detail by Jones 
and Scott (1958) and was restudied with the assistance 
of Dr. Howard W. Jones.) b. Testicular feminization 
syndrome, “hairless pseudofemale” tvpe. At age 30 E. 
L. (423266) came to medical attention because of in- 
fertility. She had been happily married for eight 
years with normal libido and satisfactory intercourse. 
Testes were located in the inguinal canals. The va- 
gina was blind. No uterus was present. Labial, pubic 
and axillary hair was totally absent, although the 
hair of the scalp was normal and a little fine down 

syndrome tend to be characteristic and not the 
non-specific ones of cryptorchidism. Further- 
more, the degree of feminization appears to 
be correlated with the degree of change in the 
testis. 

was located on the extremities. Biopsy of skin from 
the pubic area showed rudimentary hair follicles. 
Rubbing the pubis daily with testosterone ointment 
and methyl-testosterone given by mouth failed to 
stimulate growth of sexual hair, enlargement of the 
clitoris, change in the voice, or other clinical effects. 
Often quoted as evidence that the defect concerns 
end-organ response to endogenous androgen, this is 
apparently the only experiment of the type which 
has been performed in one of these cases. From Wil- 
kins (1957i Hauser and his colleagues (cited by 
Nowakows i and Lenz, 1961) were able to stimulate 
growth of pubic and axillary hair, but the subject 
was a somewhat atypical case. 

On recent restudy at the age of 45 years, the find- 
ings were as described earlier, with total absence of 
axillary and pubic hair as the striking feature. Her 
only sib, a half sister by the same mother, had the 
same condition. The sister was killed in an automo- 
bile accident at age 25 years. The mother, who died 
at age 48 years of age, was born in Finland. The pa- 
tient has no knowledge of her mother’s sibs and 
other relatives. 

Whether the trait is X-linked or autosomal 
is uncertain. The evidence from linkage 
studies is inconclusive (p. 97). 

ALBRICHT, F., C. H. BURNETT, P. H. SMITH, 
and W. PARSON. 1942. Pselidohypopara- 
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GRUMBACH, M. M., and M. L. BARR. 1958. 
Cytologic tests of chromosomal sex in 
relation to sexual anomalies in man. 
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Metab., 19: 1110-1120. 
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itare Form von Pseudohermaphrodismus 
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Gynaecologia, 148: 355-357. 

SOUTHREN, A. L., and A. SAITO. 1961. The 
syndrome of testicular feminization. A 
report of three cases with chromato- 
graphic analysis of the urinary neutral 17- 
ketosteroids. Ann. Internal Med., 55: 
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925-931. 

7. Male pseudohermaphroditism 
The testicular feminization syndrome is one 

type of male pseudohermaphroditism and in 
itself may comprise, as noted above, at least 
two distinct entities. In addition there is at 
least one other form in which the external 
genitalia are ambiguous and masculinization 
is striking. Testes are the only gonads present. 
Some cases (for example six of the nine cases 
in the series of Alexander and Ferguson-Smith) 
have a rudimentary uterus and Fallopian 
tubes. The sex chromosome constitution is XY 
(Alexander and Ferguson-Smith). It will be 
evident that it is often difficult to know 
whether cases belong in the general category 
discussed here or in that of hypogonadism 

(B4). Whereas the histologic findings in the 
testis of testicular feminization syndrome is 
characteristic, those in the form of male pseu- 
dohermaphroditism discussed here are only 
the non-specific ones found in any cryptorchid 
testis. The defect in male pseudoherma- 
phroditism may involve the male morpho- 
genetic hormone normally produced by the 
fetal testis. 

Male pseudohermaphroditism is familial 
in many instances, although the now available 
information on this point is less extensive 
than for testicular feminization. Multiple af- 
fected sibs have been reported by several au- 
thors (e.g., Alexander and Ferguson-Smith, 
Evans and Riley, and Witschi and Mengert). 
Male-limited autosomal recessive inheritance 
is not excluded for at least some of the cases, 
and of course autosomal dominant inheritance 
is possible if maternal uncles are affected. As- 
sembly of more pedigree data, information on 
the frequency of consanguinity, and linkage 
studies may be of value. 

In two sibs (L. L. A. 921527 and M. A. 
920004) with ambiguous genitalia, testes, and 
XY karyotype, recently studied in this hospital, 
we have found that one was Xg(a+) and the 
other Xg(a-), suggesting no close linkage. 
The finding may indicate autosomal in- 
heritance. 

ALEXANDER, D. S., and M. A. FERGUSON- 
SMITH. 1961. Chromosomal studies in 
some variants of male seudoherma- 
phroditism. Pediatrics, 28: y58-763. 

BERGADA, C., W. W. CLEVELAND, H. W. JONES, 
JR., and L. WILKINS. 1962. Gonadal his- 
tology in patients with male pseudoher- 
maphroditism and atypical gonadal dys- 
genesis. Relation to theories of sex 
differentiation. Acta Endocrinol., 40: 493- 
520. 

EVANS, T. N., and G. M. RILEY. 1953. 
Pseudohermaphroditism. A clinical prob- 
lem. Obstet. Gynecol., 2: 363-378. 

WITSCHI, E. and W. F. MENGERT. 1942. 
Endocrine studies on human hermaphro- 
dites and their bearing on the interpre- 
tation of homosexuality. J. Clin. En- 
docrinol. Metab., 2: 279-286. 

8. Kallmann syndrome (secondary [hypogonado- 
tropic] hypogonadism with anosmia; dys- 
plasia olfactogenitalis [de Morsier]). 

Affected males show anosmia and hypo- 
gonadism secondary to low gonadotropin pro- 
duction. Transmitting females have partiaI 
or complete anosmia. Gonadotropins have to 
our knowledge not been studied in the carrier 
females. Affected males at times have children. 
Unilateral renal agenesis has occurred in 
some affected males. Anosmia is due to agen- 
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esis of the olfactory lobes. Whether a mutation 
resulting in anosmia is separate from that for 
the Kallmann syndrome is discussed later (No. 
B9). As indicated on p. 99, color blindness was 
also segregating in Kallmann’s families. How- 
ever, the information was too limited to give 
conclusive evidence on possible X-linkage of 
this syndrome. 

KALLMANN, F. J., W. A. SCHOENFELD, and 
S. E. BARRERA. 1944. The genetical as- 
pects of primary eunuchoidism. A m .  J. 
Mental. Deficiency., 48: 203-236. 

NOWAKOWSKI, H., and W. LENZ. 1961. Ge- 
netic aspects in male hypogonadism. Re- 
cent P r o p .  Hormone Res., 17: 53-95. 

9. Anosmia 
Anosmia may be an X-linked dominant 

trait; no male-to-male transmission has been 
observed, although only a few affected males 
have had children (Altricher; Glaser). The 
main reason for considering anosmia sepa- 
rately is that it is not clear whethqr it is 
always merely part of the Kallmann syndrome 
(No. B8: hypogonadism and anosmia) or 
may be a distinct mutation. Affected males in 
Glaser’s family in which X-linked inherit- 
ance was suggested had “excessive sex in- 
terest.” It was a Russian Jewish family like 
those of Kallmann and colleagues (B8). 
Mainland’s family showed autosomal dom- 
inant inheritance. 

The anatomic basis of anosmia is agenesis 
of the olfactory lobes. De Morsier collected 
28 reported cases of agenesis of the olfactory 
lobes in which complete autopsy was per- 
formed and found that abnormalities of the 
sexual organs, mainly cryptochidism and 
testicular atrophy, had been noted in 14. He 
suggested that the genital atrophy is secondary 
to involvement of the hypothalamus as well 
as the olfactory lobes. 

DE MORSIER, G. 1954. fitudes sur les dys- 
raphies cranio-encephaliques; agenksie des 
lobes olfactifs (t6lencCphaloschizis lateral) 
et des commissures calleuse et anterieure 
(telencephaloschisis median); la dysplasie 
olfacto-gdnitale. Schweiz. Arch. Neurol. 
Psychiat., 74: 309-361. 

GLASER, 0. 1918. Hereditary deficiencies 
in the sense of smell. Science, 48: 647- 
648. 

10. Zonular cataract and nystagmus 
Falls reported a family in which this com- 

bination of traits appeared to be X-linked. 
He pointed out that the family was “incom- 
pletely studied.” 

FALLS, H. F. 1952. The role of the sex 
chromosome in hereditary ocular pathol- 
ogy. Trans. A m .  Ophthalmol. SOC.,  50: 
421-467. 

11. Myoclonic nystagmus 
This condition may be an X-linked dom- 

inant and distinct from simple nystagmus 
(A46). 

In the family described by van Bogaert and 
de Savitsch, ten sons of four affected men were 
all normal with the exception of one instance 
of an affected son of an affected man who 
was married to a relative; ten of the sons of 
13 daughters of affected men were affected. 

VAN BOGAERT, L., and E. DE SAVITSCH. 1937. 
Sur une maladie congenitale et heredo- 
familiale comportant un tremblement 
rythmique de la tCte, des globes oculaires 
et des membres superieurs. (Ses relations 
avec le nystagmus-myoclonie et le nystag- 
mus congenital hereditaire.) Enciphale, 
32: 113-139. 

12. Combined Charcot-Marie-Tooth peroneal 
muscular atrophy and Friedreich’s ataxia 

In the families reported by van Bogaert and 
Moreau, Charcot-Marie-Tooth disease and 
Friedreich’s ataxia occurred in the same in- 
dividuals in a pattern of sex-linked recessive 
inheritance. Possibly this is a mutation dis- 
tinct from that responsible for the two dis- 
orders separately. If the genes for peroneal 
muscular atrophy and Friedreich’s ataxia are 
closely situated on the X chromosome, dele- 
tion is another possible explanation for the 
finding in this family. In Biemond’s kindred 
some individuals had Charcot-Marie-Tooth 
disease (in a pedigree pattern consistent with 
X-linked inheritance), whereas two females 
of one sibship had Friedreich’s ataxia. In ad- 
dition many members of the kindred had 
deaf-mutism (in a pattern consistent with 
autosomal recessive inheritance). Thus, three 
seemingly independent hereditary traits were 
observed in the same family. van Bogaert’s 
family is probably the only one in which the 
two neurologic diseases occurred always to- 
gether in an X-linked pattern. 

BIEMOND, A. 1928. Neurotische Muskela- 
trophie und Friedreichsche Tabes in 
derselben Familie. Deut.  Z. Newenheilk., 

VAN BOCAERT, L., and M. MOREAU. 1939- 
1941. Combinaison de l’amyotrophie de 
Charcot-Marie-Tooth et de la maladie 
de Friedreich, chez plusieurs membres 
d’une mCme famille. Encdphale, 34: 

104: 113-145. 

312-320. 
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13. Choroidal sclerosis 
In  his Atlas of the Fundus Oculi (1934), 

Wilmer showed (Plate 82) the fundus of a 35- 
year-old affected man whose maternal grand- 
father was also affected. Furthermore two 
brothers and the maternal grandfather of the 
proband’s maternal grandfather were also af- 
fected, Le., the proband had inherited the 
disorder from his great-great-grandfather 
through the intermediacy of a carrier mother 
and great-grandmother. Follow-up by letter 
in 1962 provided no further information. 

Stankovic reported a similar family, which 
is of further interest because female carriers 
showed partial expression. 

A difficulty in interpretation of these reports 
is the uncertainty that the disorder is distinct 
from retinitis pigmentosa (A53) and perhaps 
choroideremia (A52). In retinitis pigmentosa 
(see Jacobson and Stephens, A53) the fundi 
are sometimes reported as showing “severe 
choroidal sclerosis.” Because of the uncertainty 
that choroidal sclerosis is a separate condition, 
i t  is listed in the uncertain group. 

STANKOVIC, I. 1958. L’angiosclkrose cho- 
roidienne familiale liee au sexe. Bull. 
SOC. Franc. Ophthalmol., 71: 411-417. 

14. White  occipital lock of hair 
Only a single pedigree showing X-linked 

inheritance is known to us-that of Karl 
Pearson, who stated that the pedigree (re- 
drawn in Fig. 41, retaining Pearson’s numbers) 
was that “of a well-known family.” 

A case of some interest, the partial 
albinism, consisting of a white lock, 
appears to be inherited only through 
the female and to occur only in the 
males. 11.3 (reported by IV.7), IV.7 
and VI.1 had patches of white hair on 
the back of the head. The patch on VI.l 
is about the size of a shilling, it is 
slightly to the right of the median 
plane and above the occiput; the skin 
from which it springs does not appear 
less pigmented or otherwise differenti- 
ated from the adjacent skin. Offspring 
of V.3 are known to exist and are said 
not to be affected, but details could not 
be ascertained. (K. Pearson, Sept., 
1909). 

PEARSON, NETTLESHIP, USHER. 191 1-1913. 
A MonograFh on Albinism. Drapers 
Company Research Memoirs. Cambridge 
Press. Fig. 638, Plate LIII, p. 255 of 
part I. 

‘3 
II 

m 

NO CONSANGUINITY 

Multiple children 
sex not specified 

Sex not specified 

7 Status uncertain 

FIG. 41. PEARSON’S PEDIGREE (1913). OF WHITE 
OCCIPITAL LOCK OF HAIR 

15. Diffuse cortico-meningeal angiomatosis of 
Divry and van Bogaert 

Features in addition to the corticomenin- 
geal angiomatosis were demyelination of the 
white substance of the centrum ovale with 
hemianopsia, and “marbled skin” resulting 
from a telangiectatic network. Three affected 
brothers were described. 

DIVRY, P., and L. VAN BOGAERT. 1946. Une 
maladie familiale characterisee par une 
angiomatose diffuse corticomeningee non 
calcifiante et une demyelinisation progres- 
sive de la substance blanche. J .  Neurol., 
Neurosurg. Psychiat., 9: 41-54. 

16. AEbright’s hereditary osteodystrophy 
This condition comprises both pseudohypo- 

parathyroidism and pseudo-pseudohypopara- 
thyroidism, which are probably aspects of a 
single entity. The facts 1) that no indubitable 
instance of male-to-male transmission has 
been observed and 2) that females are affected 
twice as often as males support the view that 
the disorder is an X-linked dominant. On the 
other hand, hemizygous males are not more 
severely affected than are heterozygous fe- 
males. In fact, the tabulation of reported pedi- 
grees (Mann, et al.) shows that whereas only 
four of 36 female cases were of the incomplete 
form, six of 14 male cases failed to show full 
expression. This finding, contrary to that in 
other X-linked traits and contrary’ to present 
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concepts on the X chromosome, makes it pos- 
sible that this disorder is in fact a sex-influ- 
enced autosomal dominant. 

MANN, J. B., S. ALTERMAN, and A. G. HILL. 
1962. Albright’s hereditary osteodystro hy 
comprising pseudohypoparathyroi&m 
and pseudo-pseudohypoparathyroidism: 
with a report of two cases representing 
the complete syndrome occurring in suc- 
cessive generations. Ann. Internal Med., 
56: 315-342. 

Aptitude for spatial visualization 
Stafford, using the Identical Blocks Test 

as a measure of spatial visualization, studied 
104 fathers and mothers and their 58 teen-age 
sons and 70 daughters. Males showed higher 
average scores than females in both the pa- 
ternal and offspring group. No correlation 
ot scores existed between fathers and mothers 
and none between fathers and sons. The cor- 
relations between fathers and daughters, be- 
tween mothers and sons and between mothers 
and daughters was what would be expected 
on the assumption that the aptitude for vis- 
ualizing space is an X-linked recessive trait. 

STAFFORD, R. E. 1961. Sex differences in 
spatial visualization as evidence of sex- 
linked inheritance. Perceptual Motor 
Skills, 13: 428. 

Paine’s syndrome (microcephaly with spastic 
diplegia) 

In the French Canadian family described 
by Paine (1960) the pattern of inheritance was 
quite consistent with X-linkage. Myoclonic 
fits were one feature and another was elevated 
level of amino acids in the spinal fluid with 
inversion of the usual ratio of plasma level to 
spinal fluid level. Autopsy in one case showed 
an apparent developmental malformation 
(hypoplasia of the cerebellum, inferior olives 
and pons), supporting the view that this en- 
tity is distinct from the two forms of diffuse 
sclerosis (Nos. A38 and A39) and from No. 
A40 which is sometimes accompanied by spas- 
tic paraplegia and microcephaly after arrest 
of the hydrocephalus. 

Dr. John H. Menkes has recently shown us 
a 15-month-old-male patient who almost cer- 
tainly has the same disorder. A family tree 
with at least four known affected males in 
four sibships in two generations is strongly 
suggestive of X-linked inheritance. Myoclonic 
fits and elevated spinal fluid amino acids are 
also present. 

PAINE, R. S., Personal communication, Bos- 
ton. 

PAINE, R. S. 1960. Evaluation of familial 
biochemically determined mental retarda- 
tion in children, with special reference to 
aminoaciduria. New Engl. J. Med.,  262: 
658465. 

19. Familial obstructive jaundice of infancy 
McElfresh described a form of neo-natal 

hyperbilirubinemia in six males of two genera- 
tions in a pattern consistent with X-linked 
recessive inheritance. One affected member of 
the earlier generation was jaundiced with 
light stools for the first five months of life. He 
was 31 and well, with two normal children, at 
the time of report 

MCELFRESH, A. E. 1962. Familial obstruc- 
tive jaundice during infancy. (Abstract) 
A.M.A. J. Diseases Children, to be pub- 
lished. 

20. Paget’s disease of bone 
Montagu reviewed the reported families 

with multiple instances of Paget’s disease of 
bone and concluded that “when inherited, 
[it] is transmitted as an incompletely domi- 
nant gene carried on an X-chromosome.” Mc- 
Kusick reviewed 35 pedigrees reported to 1956 
and added two others. In only one family, 
that of van Bogaert, was there male-to-male 
transmission. All the persons affected by the 
bone disease and some members of the family 
not so affected also had retinitis pigmentosa, 
which may have been an independent, i.e., 
coincidental, genetic disorder. 

MCKUSICK, V. A. 1956. Heritable Disor- 
ders of Connective Tissue (1st edition). 
C. V. Mosby Co., St. Louis. 

MONTAGU, M. F. A. 1949. Paget’s disease 
(osteitis deformans) and heredity. A m .  
J. Human Genet., 1: 9.595. 

VAN BOGAERT, L. 1933. Ueber eine hered- 
itare und familiare Form der Pagetschen 
Ostitis deformans mit Chorioretinitis pig- 
mentosa. Z. Ges. Neurol., 147: 327-345. 

21. Phosphorylase-deficient glycogen storage dis- 
ease of liver. 

Williams and Field (1961) found low leuko- 
cyte phosphorylase activity in two affected 
brothers and normal in an unaffected brother 
and in the father. An intermediately low 
level in the mother, together with affected 
males, suggested X-linked inheritance. The 
finding of affected females by Hers (1959) is 
against the X-linked hypothesis which de- 
serves further study. 

HERS, H. G. 1959. &tudes enzymatiques 
sur fragments hepatiques; a plication B 
la classification des glycoggnoses. Rev.  
Intern. Hepatol., 9: 35. 
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Source 

Transmission through mother 
Mother affected 
Relatives ofmother affected 

Transmission through father 
Father affected 
Relatives of father affected 

WILLIAMS, N. E., and J. B. FIELD. 1961. 
Low leukocyte phosphorylase in hepatic 
phosphorylase deficient glycogen storage 
disease. J .  Clin. Invest., 40: 1841-1845. 

C. Conditions probably not X-linked although 

Male Female 

Per 
NO. Et NO. cent 

545 95. I 74 84.1 
85 14.8 38 43.2 

460 80.3 36 40.9 

28 4.9 14 15.9 
23 4.0 12 13.6 

5 0.9 2 2.3 

___- 

- - ~ -  

1 
‘this genetic mechanism has been suggested. 
Leber’s optic atrophy 

Part of the difficulty in studying the ge- 
netics of this disorder arises from diagnostic 
confusion in a disease category which is al- 
most certainly heterogeneous. There are many 
peculiarities to the familial distribution of 
Leber’s optic atrophy. In Europeans 84.8 per 
cent of cases are male but in Japanese only 
59.1 per cent. In Europeans the peak age of 
onset seems to be about age 20 years. The 
disorder is usually transmitted through the 
mother. Ninety-five per cent of affected males 
apparently get their disease from the mother, 
some of whom (about a seventh) are affected 
whereas the remainder have affected relatives. 
Eighty-four per cent of affected females get 
their disease from the mother and about half 
of their mothers are affected. (See Table be- 
low.) 

Source of Disease in Hereditary Oftic Atrojhy 
(from Bell) 

I Affected Offspring 

Recent studies raise doubts about whether 
males ever transmit the condition. Further- 
more, the interrelationship of a genetic factor 
with an environmental factor (perhaps to- 
bacco) has been raised (Wilson). The genetic 
component may well prove to be autosomal. 
Imai and Moriwaki suggest cytoplasmic in- 
heri tance. 

BELL, J. 1933. Hereditary optic atrophy 
(Leber’s disease). Treasury of Human 
Inheritance. (Part IV), 2:  325. 

IMAI, Y., and D. MORIWAKI. 1936. A prob- 
able case of cytoplasmic inheritance in 
man: a critique of Leber’s disease. J. 
Genet., 33: 163-167. 

WAARDENBURC, P. J. 1924. Beitrag zur 
Vererbung der familiaren Sehnervena- 
trophia (Leberschen Krankheit). Klin. 
Monatsbl. Augenh., 75: 619-652. 

WILSON, J. Personal communication, Lon- 
don. 

Gynecomastia 
This is, of course, only a manifestation and 

has many causes. It is a feature of many of 
the cases of male hypogonadism referred to in 
B4. 

Bonhoff observed gynecomastia with de- 
layed puberty and sparse beard and axillary 
pubic hair in two cousins whose mothers were 
sisters. In Ljungberg’s family hypogonadism 
was not a striking feature and male-to-male 
transmission of gynecomastia excluded X-link- 
age. Gynecomastia was reported in identical 
twins by Eisenstodt and we have observed a 
pair of identical Negro twins with gyneco- 
mastia without hypogonadism or chromosomal 
aberration. 

BONHOFF, F. 1926. ober Ursache und 
familiares Auftreten von Gynakomastie. 
Z. Konstitutionslehre, 12: 528. 

EISENSTODT, L. W. 1952. Mastectomy by 
mammaplasty for gynaecomastia (gynae- 
comastia in identical twins). J. Intern. 
Coll .  Surgeons, 18: 1-14. 

LJUNCBERG, T. 1960. Hereditary gynae- 
comastia. Acta Med.  Scand., 168: 371. 

Acrokeratosis verruciformis 
Van den Bosch reanalyzed Niedelman’s 

pedigree and concluded that the probability 
of X-linked dominant inheritance is many 
times that of autosomal dominant inherit- 
ance, even allowing for an a priori probabil- 
ity of one in 17 of X-linkage. However, we 
have recently restudied this kindred and found 
an affected son of an affected male and three 
unaffected daughters of affected males (Fig. 
42). 

NIEDELMAN, M. L. 1947. Acrokeratosis 
verruciformis (Hopf); report of 14 cases 
in one family of four generations with re- 
view of literature. Arch. Dermatol. 

NIEDELMAN, M. L. and V. A. MCKUSICK. 
Acrokeratosis verruciformis (Hopf). A 
follow-up study. A.M.A. Arch. Derma- 
tol., in press. 

VAN DEN BOSCH, J. 1961. New loci on the 
human X-chromosome. Proc. Z Z  Intern. 
Conf. Human Genet., Rome.  

T h e  OFD (orofaciodigital) syndrome 
Gorlin and colleagues first reported this 

condition in the English literature. Clefts of 
the jaw and tongue in the area of’the lateral 
incisors and canines, other malformations of 

Syph., 56: 48-63. 
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a. The pedigree as reported by Niedelman (1947) 
is consistent with X-linked dominant inheritance. 
b. Brought up to date (1962) the pedigree does not 
support X-linked dominant inheritance since male- 
to-male transmission occurred in one instance and 
in three instances daughters of affected males were 

the face and skull, malformation of the 
hands, specifically syndactyly, familial trem- 
bling, and mental retardation are features. 
All cases are female. Ruess and colleagues 
state that the sex ratio in affected sibships 
differs significantly from 1 : 1 in the direction 
of 2: l  (F:M). Furthermore, an excessive num- 
ber of abortions in affected sibships is re- 
ported. X-linked dominant inheritance is 
suggested, with the trait lethal in the hemi- 
zygous male. However, Patau and colleagues 
interpret this syndrome as a partial auto- 
somal trisomy which is lethal in the male. 

unaffected (see arrows). The spouse of IV I is an un- 
affected and unrelated person of different ethnic 
origin. The three unaffected daughters of affected 
males have passed the age when the disease is al- 
ways manifest. The severity of involvement is of the 
same degree in affected males and females. 

The existence of an autosomal aberration 
has been claimed in several of the cases 
studied by this group. The possibility that 
the chromosomal segment inserted into a 
large autosome was derived from an X chro- 
mosome and that the phenotypic changes 
were the result of position effects were con- 
sidered unlikely by Patau (personal commu- 
nication). 

GORLIN, R. J., V. E. ANDERSON, and C. R. 
SCOTT. 1961. Hypertrophied frenuli, 
oligophrenia, familial trem’bling, and 
anomalies of the hand. Report of four 
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cases in one family and a forme fruste in 
another. New Engl. J. Med., 264: 486- 
489. See also, Proc. Second. Intern. Conf.  
Human Genet., Rome, Sept., 1961. 

PATAU, K., E. THERMAN, S. L. INHORN, D. W. 
SMITH, and A. L. RUES. 1961. Partial 
trisomy syndromes. 11. An insertion as 
cause of the OFD syndrome in mother 
and daughter. Chromosoma, 12: 573-584. 

5. Plain radial loop on right index finger 
Walker suggested that this pattern is sex 

linked. 

WALKER, J. F. 1941. Sex linked recessive 
fingerprint pattern. J .  Heredity, 32: 379- 
380. 

S. B. Holt (personal communication, Galton 
Laboratory, London) cannot confirm the sug- 
gestion of X-linkage. 

6. Spiegler-Brooke’s tumors 
The demonstration, in the same patients 

and same families, of cylindroma as described 
by Spiegler and of epithelioma adenoides 
systicum as described by Brooke supports 
their genetic identity (Guggenheim and Schny- 
der). Schmidt-Baumler raised the question of 
X-linked dominant inheritance. The pedigree 
of Blandy and colleagues shows an affected 
male who had all daughters affected and all 
sons unaffected. Up to the end of 1954, Evans 
found 47 reported cases, of which 30 were 
female. Guggenheim and Schnyder found that 
132 of 212 reported cases were in females. 
However, against X-linkage is the fact that 
male-to-male transmission has been frequently 
observed. We have one pedigree with at least 
nine affected persons and at least one instance 
of male-to-male transmission. The disorder is 
probably an autosomal dominant with 
stronger expression in the female. Stronger 
expression in presumed heterozygous females 
than in hemizygous males is contrary to what 
is expected in X-linked dominant inheritance 
(see p. 76). The possibility of X-linkage in 
a small proportion of families is not com- 
pletely excluded, however. 

BLANDY, J. B., W. F. P. GAMMIE, P. G. I. 
STOVIN, and K. SWETTENHAM. 1961. 
Turban tumors in brother and sister. 
Brit. J. Surg., 48: 133-135. 

CHALSTREY, L. J. 1955. Turban tumors. 
S t .  Bart’s Hosp. J. ,  59: 378-393. 

EVANS, C. D. 1954. Turban tumour. 
Brit. J .  Dermatol., 66: 434443. 

GUCGENHEIM, W., and SCHNYDER, U. W. 
1961. Zur Nosolorrie der Spiecrler-Brooke’ 
schen Tumoren.” Dermaiolggica, 122: 
274-27 8. 

RECAN, W. J. 1956. Turban tumours. 

SCHMIDT-BAUMLER, H. 1931. Familiares 
Proc. Roy .  SOC. Med., 49: 337-348. 

Cylindrom. Ein Beitrag zur Frage der 
geschlechtsbegrenzten Vererbung. Arch. 
Dermatol. Syph., 163: 114-125. 

WIEDMANN, A. 1930. Weitere Beitrage zur 
Kenntnis der sogenannten Zylindrome der 
Kopfhaut. Arch. Dermatol. Syph., 159: 
180-187. 

7. Familial periodic Paralysis 
Khan described a large family in which 8 

males were affected with familial periodic 
paralysis in a pattern consistent with X- 
linked recessive inheritance. By this hypoth- 
esis, at least 4 females were heterozygous car- 
riers. 

The X-linked recessive pattern of inherit- 
ance in Khan’s family was probably only 
fortuitous based on the disease’s predilection 
for males. Of 627 reported cases reviewed by 
Sagild, 411 were men. Furthermore 99 of 109 
probands were men. Among 52 cases of the 
disease in Denmark only 4 were female, a sex- 
ratio of 12:l. When affected, women show a 
less severe clinical picture. Some of Sagild’s 
families, especially when only part is con- 
sidered (e.g., his family 5, p. 188), have a 
pedigree pattern consistent with X-linked re- 
cessive inheritance. However, numerous in- 
stances of male-to-male transmission have 
been observed. Sagild’s conclusion was that 
the hypokalemic variety of familial periodic 
paralysis is inherited as an autosomal domi- 
nant with marked reduction in penetrance in 
the female. The hyperkalemic form of the 
disease affects males and females equally. 

KHAN, M. Y. 1935. Familial periodic 

SACILD, U. 1959. Hereditary Transient 
paralysis. Indian Med.  Gaz., 70: 28-29. 

Paralysis. Munksgaard, Copenhagen. 

8. Mohr syndrome 
Otto L. Mohr (1941) described a family in 

which four males of a sibship of five boys and 
two girls showed a syndrome which was de- 
tailed in the case of one affected male whom 
he personally observed. The features were 
poly-, syn-, and brachydactyly, lobate tongue 
with papilliform protuberances, high arched 
palate, angular form of the alveolar process of 
the mandible, supernumerary sutures in the 
skull, and an episodic neuromuscular disturb- 
ance. Three of the four affected males had 
died prior to the time of report. One of these 
had cleft palate. No similarly affected persons 
in previous generations were known. The 
parents were not related. Mohr suggested that 
the syndrome is due to a recessive, sub-lethal, 
X-linked gene. Obviously the evidence for 
this suggestion was feeble. Claussen provided 
a follow-up of the kindred with description 
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of an affected male cousin. Furthermore, the 
parents of the new cases were related. He sug- 
gested autosomal recessive inheritance, which 
seems to be supported by Gorlin’s description 
of the same syndrome in two sisters. 

CLAUSSEN, 0. 1946. Et arvelig syndrom 

OF B I O L O G Y  

omfattende tungemissdannelse og poly- 
daktyli. Nord. Med., 30: 1147. 

GORLIN, R. . J., Personal communication, 
Minneapolis. 

MOHR, 0. L. 1941. A hereditary sublethal 
s ndrome in man. Avhandl. Norske Vi- 
ctknskaps-Akad. Oslo, I .  Mat.-Naturo. Kl. ,  
14~1-18. 
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